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ABSTRACT OF THE DISSERTATION 

LC-MS SCREENING ASSAY FOR ABUSED DRUG EXPOSURE BASED ON 

COVALENT PEPTIDE/PROTEIN MODIFICATION 

by 
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Miami, Florida 

Professor Anthony DeCaprio, Major Professor 

In vitro metabolic assays are commonly used in forensic toxicology to 

assess the extent and rate of drug metabolism and to identify specific metabolites 

formed. Available in vitro systems include synthetic metalloporphyrins, HLM 

assays, and electrochemical assays. These assays also have utility in identifying 

reactive metabolites when a nucleophilic trapping molecule is included. While 

enzyme-based assays are widely employed for drug metabolite generation in 

forensic toxicology, alternative in vitro systems have not been extensively tested 

for identification of stable (SM) and reactive (RM) metabolites of drugs of abuse. 

The capability of reactive drug metabolites to form adducts with glutathione and a 

specific β-Hb tryptic peptide containing a highly reactive nucleophilic thiol moiety 

(i.e., GTFATLSELH93CDK; β93Cys peptide) was also investigated. 

Covalent binding of drugs to proteins and/or peptides is an alternative to 

hair analysis for long-term or retrospective assessment of drug abuse or exposure. 

Identification of such peptide or protein modifications (i.e., adducts) can offer 
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valuable information about exposure history. Protein adducts have the potential to 

survive throughout the life of the protein (e.g., 120 days in the case of human 

hemoglobin). 

In this project, the comparison of the three in vitro  assays systems revealed 

that the metabolites obtained exhibited a few common derivatives but also 

compounds unique to each system. In addition, major reported in vivo metabolites 

for each drug were also found with all three in vitro systems, i.e., NAPQI, MDA, 

amphetamine, and 11-COOH-THC from acetaminophen, methamphetamine, 

MDMA, and 9-THC, respectively. The electrochemical oxidation and synthetic 

metalloporphyrin systems appeared to generate a wider variety of metabolites than 

encountered with human liver microsomes, including stable and potentially 

reactive derivatives such as HFA, HPA, an imine derivative, 11-CHO-THC, and 

methylidene-THC. These results indicate that use of all three in vitro systems may 

provide a more complete profile of potential Phase I oxidative SM and RM for a 

variety of drugs of abuse that may be targeted for analysis in forensic toxicological 

studies and that may reveal possible adduct forming species. 

Results of the in vitro trapping assay studies with GSH and the β93Cys 

peptide demonstrated that the EC assay can be employed in the generation and 

trapping of RM by peptides containing reactive thiol moieties. The ability of abused 

drugs and/or metabolites to covalently modify the β-Hb peptide containing the 

reactive 93Cys suggests that such modifications could be monitored as an 

alternative to clinical and forensic hair analysis and could be usefully applied in 

areas of drug testing and forensic toxicological analysis.  
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1. INTRODUCTION 

1.1. Statement of the Problem 

The detection and confirmation of human exposure to drugs typically relies 

on the measurement of parent compounds or specific metabolites in blood, urine, 

or an alternative matrix.1 This “biomonitoring” approach is widely employed for 

forensic toxicological applications and has been standardized for many 

xenobiotics.2, 3 However, except for highly lipophilic compounds, most drugs and 

their metabolites are cleared from these matrices within a week. As a result, blood 

or urine measurements alone generally cannot provide data on past episodic 

exposure, cumulative exposure, or time-dependent exposure profiles for drugs. 

Nevertheless, this kind of data may be critically important in forensic toxicology, 

such as evidence in drug facilitated crimes, measurement of drug compliance or 

abstinence in pain drug management, addiction rehabilitation programs, and 

probation/parole criminal justice situations. 

Assessment of long term drug use or exposure is limited to analysis of hair 

nowadays, for which numerous methods and a large literature database exists.4-6 

Although widely used for this purpose, hair analysis presents many challenges, 

such as external contamination, interindividual differences, and difficult 

processing.7 An alternative to hair analysis is the measurement of covalent binding 

of drugs to proteins and/or peptides, such as hemoglobin (Hb), and glutathione 

(GSH) to form drug-protein/peptide “adducts.” In the case of proteins, such 

modifications remain in the body for the lifetime of the molecule and can provide a 

much longer window of detection of exposure than is generally possible by direct 
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measurement of parent compound or a metabolite in blood.8 While often used in 

biomonitoring assessment for environmental and occupational chemicals, 

applications of protein adducts as markers of illicit drug exposure are virtually 

nonexistent.9, 10  

1.2. Significance of Study 

The development of a robust protein adduct based biomarker assay for 

drugs of abuse could allow for exposure assessment of these compounds over a 

much longer detection window than is currently possible in blood while providing 

an alternative or complement to hair analysis. A longer window of detection for 

drugs of abuse is extremely important in forensic toxicology. For instance, analysis 

of these drugs can be used as evidence in drug facilitated crime cases or to identify 

individuals suspected of illicit synthesis of drugs. Research into the physiochemical 

properties, specificity, and mechanisms of drug-protein adduction could lead to the 

use of such adducts as measures of individual metabolic capacity or even as 

biomarkers of addiction. Consequently, this novel approach is anticipated to 

significantly benefit forensic science by providing additional tools for detecting 

compounds of forensic interest in biological specimens over longer periods of time. 

In order to support development of protein adduct based biomarkers for 

drugs of abuse, preliminary studies are necessary to identify RM of such drugs 

and determine their ability to covalently modify potential target sites in relevant 

peptides and proteins. In addition, adducted peptide standards are needed for use 

in MS-based screening/confirmatory assays using this approach. For these 

purposes, in vitro  metabolic trapping assays are ideal. 
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1.2.1. Task 1 – Generation and identification of SM and RM of selected drugs: 

The first part of this study will be the identification and comparison of the 

stable and reactive metabolites formed by three different in vitro assay systems: 

1) human liver microsomal (HLM) metabolic assay, 2) synthetic metalloporphyrin 

catalysts, and 3) electrochemical (EC) oxidation assay. While enzyme-based 

assays are widely employed for drug metabolite generation in forensic toxicology, 

alternative in vitro systems have not been extensively tested. Furthermore, no such 

direct comparison of all three approaches for investigating drug (licit or illicit) 

metabolism has previously been reported. The present study generates such data 

for acetaminophen, MDMA, methamphetamine and THC.  

1.2.2. Task 2 – Assessment of adduction potential of drug RM with model 

peptides: 

The capability of selected drugs of abuse to covalently adduct model 

peptides will be investigated by trapping the reactive metabolites generated using 

each method with nucleophilic thiol moieties present in GSH and the β-globin 

tryptic peptide containing the free thiol at the 93Cys position (i.e., 

GTFATLSELH93CDK; “Hb 93Cys peptide”). The instrumentation selected for this 

task is an LC-quadrupole-time of flight (Q-TOF) mass spectrometer operated in 

positive ESI targeted MS/MS mode. Mass spectral data will be collected, and 

MS/MS analysis will allow for the determination of the specific drug-peptide 

adducts formed.  
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1.2.3. Task 3 – Development of a predicted MRM assay for routine peptide adduct 

screening: 

In this task, data developed during the in vitro trapping experiments and 

QTOF-MS analysis for each drug/peptide combination will facilitate preliminary 

studies to adapt an approach developed by Osaki et al. for identification of peptide 

adducts by a QqQ-MS based MRM method.11 This step is critical to the ultimate 

development of a routine screening method for such adducts that could be 

implemented by forensic laboratories. The method consists of populating a table 

of MS ∆m/z shift values associated with the peptide precursor ion (e.g., [Hb peptide 

M+∆+nH]n+ ion) and corresponding product ions (e.g., bn+∆ and yn+∆ ions). The 

precursor/product ion pairs will be selected as multiple reaction monitoring (MRM) 

transitions based on m/z intensities and reproducibility in repeated experiments, 

these will include typical b2 and y2 type peptide fragment ions.  

2. LITERATURE REVIEW 

2.1. Drugs of abuse 

 Humans have been using psychoactive substances since prehistoric times, 

such as chewing of coca leaves by early Andean people, archaeological evidence 

has been found in mandibles and hair samples of ancient human populations from 

the southern coast of Peru.12 Drug use and abuse have been a constant in human 

society to this day. According to the most recent World drug report (WDR) in 2020, 

approximately 284 million people around the world between the ages of 15 and 64 

had used an illegal drug, which represents a 26% increase since 2010.13 Addiction 

can be a never-ending battle for the drug user, and suffering is unnecessarily 
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increased when they are denied access to treatments or face discrimination. Drug 

use can cause long lasting damage to the user’s relationship with family members, 

friends, and coworkers. Moreover, illicit drug markets are associated with violence 

and other forms of criminal activity. 

The main legislation controlling addictive substances in the U.S. is the 

Comprehensive Drug Abuse and Prevention and Control Act, also known as the 

Controlled Substances Act (CSA), that was created in 1970 to combine all existing 

federal laws into a single new statute. Prior to the CSA’s creation, the existing 

federal drug laws were not adequate to address, for example, the illegal use of 

legal controlled substances, such as amphetamines and barbiturates. A drug 

classification and control system was also created, with five schedules based on 

each substance’s medicinal value, risk of harm, and potential for abuse as shown 

in Table 1. The extent to which a drug is controlled is based on the schedule in 

which it falls, and criminal penalties are the most severe for offenses involving 

Schedule I and II drugs. Many U.S. states have modeled their drug laws on the 

CSA guidelines.  

The U.S. Drug Enforcement Administration (DEA) is a federal law 

enforcement agency established in 1973 by the United States Department of 

Justice to combat drug trafficking and distribution within the U.S. It is the lead 

agency for domestic enforcement of the CSA, and it is responsible for assigning 

drugs to one of the five schedules for regulatory purposes; registering drug 

manufacturers; registering dispensers and prescribers; investigating and aiding in 

the prosecution of drug traffickers and violators of drug enforcement policy.  
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Table 1: Drug schedule and their descriptions. 

Drug schedule Description 

Schedule I 

Drugs with no currently accepted medical application in the United 

States. There is a lack of accepted safety for use of the drug under 

medical supervision 

Schedule II 

Drugs that have a currently accepted medical application in the 

United States or a currently accepted medical use with severe 

restrictions. Abuse of these drugs may lead to severe 

psychological or physical dependence 

Schedule III 

Drugs that have a currently accepted medical use application in 

the United States. Abuse of the drug may lead to moderate or low 

physical dependence or high psychological dependence 

Schedule IV 

Drugs that have a currently accepted medical use application in 

the United States. Abuse of these drugs may lead to limited 

physical dependence or psychological dependence relative to 

Schedule III drugs 

Schedule V 

Drugs that have a currently accepted medical use application in 

the United States. Abuse of these drugs may lead to limited 

physical dependence or psychological dependence relative to 

Schedule IV drugs 

 

Drugs of abuse can also be classified according to their symptoms or side 

effects; these categories include stimulants, cannabinoids, depressants, opioids, 

hallucinogens, anesthetics, and analgesics. The drugs of interest in this study are 

acetaminophen (APAP), cocaine (COC), methylenedioxymethamphetamine 

(MDMA), methamphetamine (METH), and Δ9-tetrahydrocannabinol (THC). Table 

2 shows the drugs to be investigated in this research, alongside their abbreviation, 
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chemical formula, schedule, and drug class. These drugs were selected based on 

a known potential for addiction and/or dependence and prevalent usage, except 

for APAP which was selected as a positive control and for which there is a large 

database on formation of stable and reactive metabolites. All drugs selected are 

currently among the most used abused substances; cannabis is by far the world’s 

most used drug, and the WDR also shows an overall increase in the use of 

amphetamines in 2020.13 The selected drugs are also commonly identified in 

authentic specimens from law enforcement cases, rehabilitation centers, 

correctional facilities, and outpatient therapy.  

Table 2: Drugs selected for this study. 

Drug Abbreviation Formula Schedule Class 

Acetaminophen APAP C8H9NO2 N/A Analgesic 

Cocaine COC C17H21NO4 II Stimulant 

Methylenedioxymethamphetamine MDMA C11H15NO2 I Stimulant 

Methamphetamine METH C10H15N II Stimulant 

Δ9-Tetrahydrocannabinol THC C21H30O2 I Cannabinoid 

 

2.2. Drug metabolism 

  Metabolism is a process by which the body increases the polarity of 

compounds, thus facilitating excretion. It is a complex process involving 

transporters and metabolizing enzymes that can impact pharmacological and 

toxicological effects.14 Drug metabolism can occur in several biological tissues in 

the body, including the liver, lungs, kidneys, intestine and skin, however, the liver 
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is the primary organ of drug metabolism. The liver's contribution to drug 

metabolism is due to several factors, including its size, being the first organ 

perfused by chemicals absorbed in the gut, and having very high concentrations 

of most drug-metabolizing enzyme systems in comparison to other organs.15 

There are two main phases of xenobiotic metabolism. Phase I reactions 

typically create or expose a functional group on a molecule, generally increasing 

the hydrophilicity of the molecule in the process.15 Phase II metabolism involves 

the conjugation of a large and/or polar moiety, such as glucuronic acid or 

glutathione, to a molecule in order to facilitate excretion. This conjugate may be 

covalently linked to the parent compound directly or to a metabolite formed via 

Phase I metabolism processes.15  

Phase I metabolism is primarily performed by cytochrome P450 enzymes 

(CYP) located in the liver and other tissues.16 In terms of catalytic versatility and 

number of xenobiotics detoxified or activated, the CYP system is unrivaled. The 

hepatic endoplasmic reticulum contains the highest concentration of CYP 

enzymes involved in xenobiotic biotransformation, but CYP enzymes are found in 

almost all tissues. All CYP enzymes are heme-containing proteins that catalyze 

the monooxygenation of one oxygen atom into a substrate, followed by the 

reduction of the other oxygen atom to water using reducing equivalents derived 

from β-nicotinamide adenine dinucleotide phosphate (NADPH).17 The phase I 

oxidative reaction can be generalized with the following equation: 

NADPH + H+ + O2 + drug → NADP+ + H2O + oxidized drug 
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CYP catalyzes the following types of reactions: oxidation, reduction, 

hydrolytic cleavage, N-oxidation, alkylation (methylation), dealkylation, ring 

cyclization, dimerization, transamidation, isomerization, and decarboxylation. CYP 

does not directly interact with NADPH or NADH during catalysis.15 Electrons are 

relayed from NADPH to cytochrome P450 in the endoplasmic reticulum by a 

flavoprotein called NADPH-cytochrome P450 reductase. Electrons are transferred 

from NADPH to CYP in mitochondria by ferredoxin and ferredoxin reductase.17 

The mono-oxygenase mediated catalytic cycle is widely accepted to involve 

sequential one-electron reductions, with those electrons supplied by the NADPH 

reductase as shown in Figure 1.17-19 Following substrate binding to the CYP 

enzyme (b), the first electron is used to convert the Fe(III) ferric species (b) into 

the Fe(II) ferrous species (c). The ferric-superoxo intermediate is then formed by 

transferring an electron from iron(II) to O2 (d). Following that, a second electron 

and a proton are transferred to the ferric-superoxo intermediate to produce a ferric-

(hydro) peroxo intermediate (e), capable of producing the oxo-iron(IV) porphyrin 

cation radical intermediate (f). The reduced hydroxy ferric species and substrate 

radical (g) are then produced after a hydrogen atom is extracted from the substrate 

in solution. This results in the formation of a coordinated oxidized substrate species 

(h), which then liberates the oxidized substrate and yields the initial low-spin ferric 

compound (a). If the catalytic cycle is broken, oxygen is released in the form of 

superoxide anion (O2
−) or hydrogen peroxide (H2O2).17 
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Figure 1: Catalytic cycle of dioxygen activation by cytochrome P450. 

2.3. In vitro metabolism assays 

Various in vitro model systems have been used by the pharmaceutical 

industry, forensic toxicologists, and researchers to assess the extent and rate of 

xenobiotic metabolism and examine the formation of both stable metabolites (SM) 

and reactive metabolites (RM) of drugs.20, 21 RM can often be identified by the 

presence of stable hydrolysis products. For drugs of abuse, RM can indicate the 

formation of toxic biomolecules, since the formation of covalent drug adducts with 

proteins and peptides can disrupt cellular functions, leading to cell death or even 

trigger immune responses.22  
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To study reactive metabolites, i.e., those which are unstable in situ and may 

react further, a modified in vitro system, known as a “trapping” assay, is required. 

A trapping assay consists of the same components of an in vitro metabolic assay 

with the addition of a trapping agent. The trapping agent is a nucleophilic 

compound that can covalently bind to the reactive (electrophilic)  metabolites, 

essentially inactivating them and preventing binding to tissue macromolecules or 

further breakdown to a stable metabolite. These trapping nucleophiles can be 

small molecules or proteins and peptides that are typically present in vivo and that 

can be used to measure and characterize reactive metabolites in vitro.8 

For example, Ma et al. 23 investigated the formation of Hb adducts with 

pyrrolizidine alkaloids (PA) generated by the metabolic activation of PAs as a 

primary trigger for hepatotoxicity. The study looked into the potential of pyrrole-Hb 

adducts as a biomarker of PA exposure in humans. The level and elimination 

kinetics of pyrrole-Hb adducts were studied in 43 PA-induced liver injury patients' 

blood samples. The results showed that pyrrole-Hb adducts had notably higher 

concentrations and a longer persistence than pyrrole-plasma protein adducts, 

showing they can be used in clinical tests in the future. 

The most common in vitro model system uses homogenized liver fractions 

containing various enzymes as the primary contributor of Phase I metabolic 

activity.8, 24-26 The three most commonly used liver fractions obtained by differential 

centrifugation are the S9 fraction, cytosol, and human liver microsomes (HLM). 

The S9 fraction is the supernatant obtained by the centrifugation of a liver tissue 

homogenate at 9,000 x g. When the S9 fraction is centrifuged at 100,000 x g, the 
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obtained supernatant is the cytosol, while the pellet contains the "microsomes" 

derived from rough endoplasmic reticulum.27 The assay employed in this study 

uses HLM as source of the CYP enzymes responsible for Phase I metabolism. 

HLM assays are used by pharmaceutical companies to characterize SM 

and RM formed by natural metabolism processes found in the human body.20 In 

addition to HLM, several components need to be present in the reaction  for the 

activation of CYP enzymes present in the microsomes. These components include 

NADPH to catalyze the oxidation reaction; a source for Mg+2 ions to stimulate CYP 

activity; glucose-6-phosphate (G-6-P) and D(+)-glucose-6-phosphate 

dehydrogenase (G-6-P-D) which provide a regeneration system for NADPH.  

Schneider and DeCaprio28 looked at how well four popular in vitro assay 

techniques produced metabolic profiles for drugs of abuse that were in line with in 

vivo data. Cocaine was selected as the study's substrate primarily due to the well-

researched metabolism it undergoes in both humans and experimental animals. 

Using LC-QqQ-MS with multiple reaction monitoring, the following samples were 

examined: HLM, cytosol, human liver S9 fraction, and horseradish peroxidase. 

There were both qualitative and quantitative variations in analyte generation 

among the various metabolic systems in Phase I and Phase II activity. Particularly 

with regard to primary vs secondary metabolite synthesis, assay incubation 

duration was revealed to be a decisive factor in metabolic profile. In human hepatic 

metabolic models, the regioselective arene hydroxylation of cocaine was 

decisively demonstrated, but peroxidase-based test techniques showed less 

selectivity in oxidative aryl biotransformation.  
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Gilliland and co-workers24 used a HLM metabolic assay with GSH as a 

nucleophilic trapping agent to examine formation of RM of a series of drugs. 

Extracted ion MS spectra for all potentially significant ions were collected using 

LC-QqQ-MS/MS and examined for fragmentation common to GSH-containing 

compounds, followed by confirmation of adduction and structural characterization 

performed by LC-QTOF-MS/MS. In addition to the two positive controls APAP and 

clozapine, ten of the fourteen drugs, including cocaine, MDMA, METH and THC, 

showed GSH adduction, with several forming multiple adducts, for a total of 22 

individual identified adducted species.  

Biomimetic alternatives for the study of SM and RM include synthetic 

metalloporphyrin catalysts29-31 and electrochemical (EC) assays.32-34 Certain 

synthetic metalloporphyrin (MP) catalysts have been shown to mimic P450 

mediated metabolism of drugs. Because of their role as biological ligands, 

porphyrins and related macrocycles have received a lot of attention in this regard. 

The heme cofactor, which is an iron-containing porphyrin, is found at the active 

site of many metalloproteins and is involved in a wide range of metabolic 

reactions.35 In this context, synthetic MPs have been intensively developed as 

model systems for studies of oxidative metabolism and for the synthesis of 

potential metabolites; an example of this type of molecule is shown in Figure 2. 

This lays the foundation of a predictive basis of oxidative reactivity to determine 

the tendency of drugs to form biologically active metabolites and provides a 

convenient methodology for their preparation.36 
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Figure 2: Synthetic metalloporphyrin derived from cytochrome P450 active site.37 

 

The biomimetic oxidation of phenacetin, methacetin, and acetanilide meta-

chloroperoxybenzoic, APAP prodrugs, by iron (III) porphyrins chelated by different 

axial ligands was reported by Chapman and co-workers.38 The study compared 

the activity of three hindered Fe porphyrin complexes, as variable catalytic 

efficiency varies from β-pyrrole substituted MPs. To better understand the factors 

that contribute to function and effect, nine axial ligands with varying pKa (2.8-11.2), 

size, and heteroatomic identity were studied. In the majority of cases, the thiolate 

ligands provided the highest APAP yields. It was demonstrated that the optimal 

FeP/axial ligand combinations differ for each transformation, providing a starting 

point for potential APAP prodrugs derived from similar starting materials. 

Furthermore, reactions with S-containing reagents yielded higher APAP yields and 

produce different products than reactions with N-containing reagents. 
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Lassila and colleagues30 used a commercial kit containing synthetic 

metalloporphyrins, called the BMO kit, as a means to metabolize clozapine, 

ticlopidine, and citalopram. In addition, they used S9 liver fraction incubations to 

compare the results with the BMO assay. The S9 incubation produced six 

glutathione conjugates for clozapine, while the BMO assay produced four. The 

BMO assay detected four of the five phase I metabolites produced by S9 for 

clozapine. Four glutathione conjugates were detected in the S9 incubation for 

ticlopidine, but none were detected in the MP assay. Eight of the nine ticlopidine 

phase I metabolites generated by S9 incubation were detected with the BMO 

assay. The incubations were analyzed using high-resolution LC/MS/MS.  

EC assays are a third alternative for the generation of SM and RM that have 

been used in mimicking biologic reactions such as oxidative drug metabolism32, 34, 

39. For example, EC assays have been used to mimic different phase-I reactions, 

such as aromatic hydroxylation, dehydrogenation, O- and N-dealkylation, by 

introducing the compound into an electrochemical cell and applying a constant 

potential to the solution. A three-electrode setup, consisting of a working electrode 

(WE), a counter electrode (CE), and a reference electrode (RE), is commonly used 

in EC cells as shown in Figure 3. The potential applied to the working electrode is 

either scanned or held constant in order to perform electrochemical 

transformations in the analyte solution. In cyclic voltammetry (CV) experiments the 

voltage in the WE is scanned, while in bulk electrolysis experiments the voltage is 

kept constant. Several materials are used to make the WE, among the most 

common are glassy carbon, graphite, platinum, and gold. 
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Figure 3: Schematic representation of a three-electrode EC cell for cyclic voltammetry 

experiments.40 

 

The role of the reference electrode is to serve as a reference in measuring 

and controlling the working electrode potential while no current is passed through 

it. A RE is one that has a consistent and well-known electrode potential. The most 

common REs used in aqueous conditions are the saturated calomel electrode 

(SCE), standard/normal hydrogen electrode, or Ag/AgCl electrodes. The counter 

electrode performs the reverse electrochemical process to that of the working 

electrode; oxidation at the WE indicates reduction at the CE and vice versa. The 

CE thus completes the circuit within the entire electrochemical cell. The CE is 

almost always a Pt wire or Pt rod in analytical scale applications.40  

Mielczarek and colleagues41 demonstrated that an EC system linked in real 

time with electrospray ionization mass spectrometry successfully mimicked the 

oxidative metabolism that occurs in liver cells primarily caused by CYP enzymes. 

Cocaine was chosen as a model drug for these studies and was analyzed with a 
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boron-doped diamond WE in a 20 mM Tris buffer solution. The results were 

compared with those produced by a standard procedure using rat liver 

microsomes. This study showed that cocaine could be converted to norcocaine, a 

natural metabolite of cocaine in the human body, in a single electrochemical step. 

This technique could also be used to prepare norcocaine from cocaine, 

demonstrating that electrochemical reactions can be used in place of laborious and 

sometimes problematic chemical synthesis. 

Trapping molecules can also be added to EC assays to detect reactive 

metabolites. For example, Madsen et al. 33  showed that APAP RMs generated by 

electrochemical oxidation successfully form adducts with glutathione (GSH). The 

stability of N-acetyl-p-benzoquinoneimine (NAPQI) electrochemically generated 

from APAP was investigated, and NAPQI showed the greatest stability at 

physiological pH. The rate of reaction between NAPQI and GSH was measured 

using cyclic voltammetry, where NAPQI reacted quantitatively to GSH. NAPQI's 

reactivity toward other nucleophiles was also investigated, and a time-dependent 

conjugate formation with N-acetyltyrosine was observed. 

2.4. In silico prediction of drug metabolism 

In silico drug metabolite prediction is widely used as a first step in studying  

drug biotransformation in pharmaceutical development.42 Several commercial 

software tools for xenobiotic metabolite prediction are available, including MetaSite 

(Molecular Discovery Ltd, Middlesex, UK), Meteor (Lhasa Limited, Leeds, UK), and 

MetaDrug (Thomson Reuters, NY, USA). However, in studies of designer drugs or 
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other toxicologically interesting compounds, prediction using in silico methods 

have not yet become common.43 

In the present work, the software MetaSite will be used to predict the 

metabolism of the drugs of interest. MetaSite predicts reactions and metabolic 

conversion of phase I metabolism of CYP450 and FMO3 enzymes43. It allows the 

user to choose the means of the metabolic path, such as liver, skin, brain and 

specific CYP enzymes44. Predictions of metabolites formed with HLM can be 

accurately made setting up the liver as the metabolic pathway in the software. It is 

also possible to predict the metabolism of synthetic MPs, by inputting the structure 

of a specific CYP enzyme that is similar in structure with the MP used. 

In one example, Ellefsen et al.45 investigated the metabolic stability of 4-

methoxy-α-PVP using the in silico metabolite prediction software MetaSite. 

Metabolites obtained with HLM and hepatocyte incubations were used to compare 

with the in silico study. To identify potential unexpected metabolites, HRMS was 

used with full scan data-dependent mass spectrometry, with and without an 

inclusion list of predicted metabolites. MetaSite predicted eleven phase I 

metabolites with probability scores greater than 20%, five of which were found in 

the in vitro assays. In addition to the parent compound, the most dominant 

metabolite in HLM and human hepatocyte samples was 4-hydroxy--PVP, which 

was also predicted as the #1 in silico metabolite. 
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2.5. Retrospective monitoring of drug use or exposure 

 The analysis of drugs of abuse and their metabolites in biological fluids is 

an issue of extreme relevance for both clinical and forensic toxicology laboratories. 

Biological specimens can be obtained from a variety of sources, including blood, 

urine, hair, oral fluid, and others.46 These various tissues and bodily fluids excrete 

at different rates and durations, resulting in different detection windows for 

substances, as shown in Figure 4.47 Among the conventional matrices, urine has 

been the most used matrix for the analysis and identification of drugs or toxic 

substances, due to the high concentration of drugs and their metabolites in this 

matrix.1 

 

 

Figure 4: Typical window of detection of drugs and their metabolites in blood, urine, and 

hair. 

The specific site of action of drugs varies from nerve endings to receptors 

on cells located throughout the body. As sampling from these sites is not normally 

available, thus, blood is used as a monitoring sample. As most drugs are water 

soluble, plasma or serum are logical sources to monitor without the interference of 
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red blood cells. There are, however, occasions when other types of matrices can 

be tested and, in some cases, may even be necessary to obtain the desired clinical 

information.1, 46 

2.5.1. Hair analysis 

Hair analysis is the current primary tool for longer-term or retrospective 

monitoring of drug use or exposure.4, 7, 48 The increased detection window of hair 

as a biological matrix for drug screening over blood, urine, or oral fluid analysis, as 

well as the ease of collection, are major advantages. Once a drug (or metabolite) 

has been incorporated into the hair, the only way to remove it is to cut off the 

portion of hair in which it is stored, which causes the usable time frame for drug 

detection using hair analysis to be several months or longer. Typically, analysis is 

performed by segmenting the sampled hair specimen and analyzing each segment 

individually. This procedure allows for an estimate of the timing and extent of both 

past episodic and cumulative drug exposure. 

There are other advantages of hair sampling unrelated to the extended 

window of detection. For example, specimen collection for hair is less invasive than 

for blood and urine. In contrast to other matrices, hair specimens are generally 

easy to handle, ship, and store, as collected hair samples only need to be bound, 

wrapped in aluminum foil, and stored in dry conditions at room temperature. 

Another advantage is that parent drugs may be found in the hair, allowing for 

discrimination between exposure sources, such as morphine vs. heroin. 

Despite these advantages, forensic hair analysis also presents some 

challenges with regard to applicability, ease of analysis, and interpretation of 
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results.49 One obvious drawback is that the technique cannot be applied to bald, 

shaved, or shorthaired individuals. Another complication is that since hair growth 

may vary from 0.6 cm to 1.4 cm per month among individuals, analysis generally 

allows for only an approximate timeline of drug exposure.48 Another issue is the 

lack of a general understanding of the mechanisms and compound-specific 

aspects of drug incorporation into hair. Finally, hair testing results can vary 

significantly as a function of hair type, making standardized screening problematic. 

For example, hair specimens generally have different melanin content, which 

affects the amount of drug that will be incorporated. Bleaching, washing, coloring, 

and other forms of environmental contamination (including that from the smoking 

of drugs) may also complicate the reliable detection of drugs in hair samples. 

2.5.2. Drug protein/peptide adduction 

Protein adducts are formed when electrophilic drug metabolites react 

covalently with protein nucleophiles.10 These electrophiles may be endogenous 

but usually are xenobiotics that can either be reactive themselves or have been 

generated from metabolic processes.50, 51 A "biomarker of exposure" is a biological 

change that provides physiochemical evidence of xenobiotic exposure. As 

biomarkers of exposure, protein adducts can not only assess whether individuals 

have been exposed to certain compounds but may also extend the window of 

detection for xenobiotics beyond that provided by simple detection of the parent 

compound or metabolites in the blood and urine. 

This is especially true for protein adduction, which results in usually 

irreversible modifications that last for the life of the molecule or cell because, unlike 
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DNA, there are no repair mechanisms for exogenous protein modifications50. While 

the length of time that a protein adduct can be detected is strictly dependent on 

the target protein's in vivo lifetime, certain proteins are especially useful as 

biomarkers of xenobiotic exposure, such as Hb and human serum albumin (HSA). 

Both proteins are abundant in blood; one milliliter of blood contains about 150 mg 

of Hb and 30 mg of HSA. In humans, Hb and HSA have a half-life of approximately 

126 days and 20 days respectively, allowing them to function as a cumulative 

dosimeter for xenobiotic exposure.52, 53 

The most abundant protein in human plasma is HSA. HSA contains 35 

cysteine residues, but 34 of them are bound as intramolecular disulfides. The 34Cys 

moiety represents the largest fraction of free thiols in serum, approximately 80%.54 

34Cys is found close to the surface of HSA, near 38Asp, 39His, and 84Tyr. These 

three residues influence the 34Cys ionization state, thereby modulating its 

reactivity.55 Hb is the most prominent heme protein in blood; it is a heterotetramer 

composed of two α-subunits and two β-subunits.56 The heme is composed of a 

ferrous ion held in the center of a porphyrin and coordinated by the porphyrin ring's 

four nitrogen atoms as shown in Figure 5.  
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Figure 5: Chemical structure of the porphyrin ring system of heme b complex of Hb. 

There are a total of three cysteine residues in the Hb molecule: α104Cys, 

β93Cys and β112Cys. The β93Cys is surface exposed and is the most reactive of all 

Hb cysteine residues. Thus, the thiol moiety present in β93Cys can act as a 

nucleophile and covalently bind to drug reactive electrophiles. In contrast, α104Cys 

and β112Cys residues are located relatively in the interior portion of Hb and are 

generally thought to be poorly accessible to chemical reactions.52 

A study reported by Möller et al.25 investigated the protein adduction of two 

reactive aniline metabolic products: N-phenylhydroxylamine (PhNHOH) and 

nitrosobenzene (NOB). Adduction of model peptides with nucleophilic sidechains 

(Cys, His, and Lys) and selected proteins (β-lactoglobulin-A, bovine and human 

Hb) were characterized in vitro. Peptide data identified the Cys thiol group as the 

most reactive nucleophile for these metabolites, which was consistent with in silico 

predictions. Sulfinamides were identified as the primary adduction products for 

PhNHOH, and they remained stable after tryptic digestion. Reactions with NOB, 
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on the other hand, produced an additional oxidized adduct, the sulfonamide. In 

vitro exposure of human whole blood to PhNHOH and NOB revealed the formation 

of only sulfinamides. The findings of this study support previous research that 

sulfinamide and sulfonamide form adducts specifically at 93Cys of human Hb. It 

was also shown that 104Cys and 112Cys of Hb can undergo adduction under certain 

reaction conditions. 

Hundreds of licit drugs, environmental contaminants, and other xenobiotics 

have been shown to have the potential for covalent protein binding of RM in vitro 

or in vivo.22, 57 One study found some level of covalent biological thiol binding in 85 

of 179 currently marketed drugs.58 In contrast to the extensive database available 

for licit drug and other xenobiotic protein adducts, virtually no work has been 

reported on the detection and analysis of such modifications as exposure markers 

for drugs of abuse. The only exception is ethanol, where acetaldehyde-protein 

adducts have been thoroughly investigated.59 

Some pertinent data on covalent binding of illicit drugs as related to drug 

toxicity or addiction mechanisms using in vitro metabolism and "trapping" assays 

or in vivo animal models have been reported. In vitro and in vivo studies of covalent 

protein binding of morphine and other opiates, for example, revealed the formation 

of adducts resulting from bioactivation to RM. In non-human species, 8-

dihydromorphinonyl adducts were found to form with the biological thiol-containing 

tripeptide GSH, most likely via the reactive morphine metabolite morphinone.60, 61 

Todaka and colleagues62 investigated the formation of an 8-dihydromorphinonyl 

adduction product derived from morphinone in human liver-based assays using 2-
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mercaptoethanol as a trapping agent. 

Protein adducts have also been described for several stimulant drugs, again 

in primarily mechanistic investigations. Cocaine intake is known to result in 

irreversible protein binding, as demonstrated by histopathological studies, 

investigations utilizing radiolabeled drug, and analysis of immunogenic antibodies 

present in the blood of cocaine abusers.63-65 Various authors have demonstrated 

that the formation of cocaine-protein adducts parallels the degree of hepatic 

necrosis, suggesting a direct causal relationship.64, 65 Some limited data are also 

available on covalent protein adduction by cocaine in humans. Schneider et al.8 

studied the incubation of cocaine with thiol-containing peptides in an in vitro 

biotransformation system identified a monooxygenase-mediated event leading to 

the oxidation of the cocaine aryl moiety and subsequent stable covalent peptide 

binding. This mechanism provides a novel alternative pathway to protein binding 

of cocaine and supports the feasibility of employing protein thiol adducts of cocaine 

as biomarkers of exposure. 

Taken together, the findings show that common drugs of abuse (and/or their 

RM) can adduct protein under physiological conditions, and that this adduction can 

be detected and quantified. While not a common approach for detecting drug 

abuse (except in the case of ethanol abuse), the examination of protein adduction 

products may be an appealing future path for forensic toxicological analysis. The 

possibility of extending the detection window for commonly abused drugs from 

days (the current timeline for parent drug and metabolites in the free fraction) to 

weeks/months (depending on the in vivo lifetime of the protein target) may be a 
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viable option. As a result, protein adducts are attractive as long-term and/or 

retrospective exposure biomarkers for such drugs. 

2.6. Liquid Chromatography - Mass Spectrometry 

Liquid chromatography (LC) is an analytical technique that separates the 

components of a mixture. This separation occurs as a result of the sample's 

interactions with the mobile and stationary phases. LC employs instruments that 

can be fully automated, which makes it possible to perform separations and 

quantitative analysis of a wide range of compounds present in various types of 

samples in a matter of minutes with high resolution and efficiency.66 

The coupling of LC and mass spectrometry (MS) became possible after the 

development of atmospheric pressure ionization sources in the late 1980s. The 

combination of the two techniques significantly increased laboratories' analytical 

capacities. Before LC-MS, researchers used conventional optical detectors and 

now are benefited from MS's analytical potential in terms of sensitivity, selectivity, 

analytical frequency, and ease of developing analytical methods.67 

A mass spectrometer measures the mass-to-charge (m/z) ratio of gaseous 

ions, and consists of an ionization source, one or more mass analyzers, a detection 

system, and a signal processing system. The analyte must be converted into gas 

phase ions before mass spectrometry analysis can be performed. There are 

several ionization sources, including electron ionization, chemical ionization, 

electrospray ionization, atmospheric pressure ionization, among others, and the 

choice of which one to use is primarily determined by the type of sample to be 

studied.68  
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Figure 6 depicts an Electrospray Ionization (ESI) source, which is efficient 

at ionizing polar molecules with a wide range of masses. ESI ionizes the species 

while they are still in aqueous solution. Basic compounds are protonated by adding 

a weak acid, resulting in the formation of the [M+H]+ adduct (positive mode), 

whereas acidic species are deprotonated by adding a weak base, resulting in the 

generation of ions. [M-H]- (negative mode).69 

 

Figure 6: ESI ionization source, adapted from NHMFL.70 

A high voltage is applied to the capillary containing the ionic solution forming 

a fine spray with charge accumulation at the capillary outlet. The final production 

of gas-phase ions can be explained by two major theories. The first theory is the 

residual charge model, which states that as the solvent evaporates, the volume of 

each individual droplet is reduced. Then the droplets subdivide, due to the high 

repulsion between the ions of the same charge, and finally droplets containing only 

one ion are formed, through successive fissions. The second theory is the ion 

evaporation model which says that the droplets accumulate charge while the 
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solvent is evaporated. Then, due to repulsive forces, ions are ejected from the 

droplets into the gas phase. Thus, the ions present in solution are desorbed to the 

gas phase and attracted to the MS inlet.69  

Mass analyzers are used for ion analysis, and the different behavior of the 

ions is used to separate them according to their m/z in time or space, allowing their 

individual abundances to be determined. The Time of Flight (TOF) mass analyzer 

was developed in 1946 by W.E. Stephens,71 which was first used in the 1950s and 

has since undergone changes and improvements.68 The TOF operating principle 

is straightforward, it measures the time required for ions to travel through the flight 

tube and reach the detector. All ions receive the same kinetic energy during 

instantaneous acceleration, but their velocities are proportional to their m/z, and 

ions of the same m/z reach the detector at the same time. 
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Figure 7: Schematic representation of the 6530 Q-TOF mass analyzer from © Agilent 

Technologies, Inc.72 

A hybrid quadrupole - TOF (Q-TOF) instrument consists of a quadrupole in 

line with a hexapole collision cell, followed by an orthogonal acceleration TOF 

detector as shown in Figure 7. The Q-TOF-MS system can collect data in both the 

MS and tandem mass spectrometry (MS/MS) modes. The quadrupole is used as 

a mass filter in the MS mode to transmit ions, the collision cell is not pressurized, 

and all ions are transferred to the TOF-MS for mass determination. In the MS/MS 

mode, the quadrupole is used as a mass filter to select parent ions for collision-

induced dissociation, the product ions are sent to the TOF and then to the detector 

for further mass analysis.73 

A quadrupole mass spectrometer consists of four parallel cylindrical rods 

that serve as electrodes. A potential difference accelerates ions into the space 

between the rods. At any given time, all ions except those with a m/z value range 

strike the rods and are converted to neutral molecules. As a result, only ions with 

a narrow range of m/z values reach the transducer. A triple quadrupole (QqQ) 

mass analyzer comprises of three quadrupoles connected in series. The first of 

these quadrupoles (Q1) is used to control which ions pass through the instrument. 

The second quadrupole (q or Q2) is used as a collision cell for collision induced 

dissociation (CID) to generate distinct fragments. The third quadrupole (Q3) is 

used to select which collision cell fragments will pass through to the detector. 

Depending on the m/z ratios used, a QqQ can perform a variety of scanning modes 

This resource was prepared by the author(s) using Federal funds provided by the U.S. 
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not 

necessarily reflect the official position or policies of the U.S. Department of Justice.



30 

such as product ion scans, precursor ion scans, neutral loss scans, and selected 

reaction monitoring or multiple reaction monitoring (MRM).68 

2.7. LC-MS protein and peptide analysis 

A major approach to qualitative and quantitative analysis of protein adducts 

is HRMS-based “bottom-up” proteomics. Bottom-up proteomics utilizes enzymatic 

cleavage of a protein into peptides prior to their introduction into the MS.74 Tandem 

mass spectrometry (MS/MS) is utilized to fragment enzymatically cleaved 

peptides, and the resultant ions are analyzed using bioinformatics software to 

elucidate an amino acid sequence for each peptide. This method is most typically 

used for the identification of protein modifications, particularly when the 

modification creates a predictable mass shift that can be observed via MS or 

MS/MS.75 

Peptide analysis by mass spectrometric techniques is critical to 

characterizing protein modifications by reactive drug metabolites. A peptide 

fragmentation model was created in 1984 by Roepstorff and Fohlman76 and will be 

used in this work. Adducted peptides fragmentation generally happens at the 

amide bonds, producing a series of “b” and “y” fragment ions without prominent 

and reliable constant neutral losses. When the charge is retained at the N-terminal 

fragment of the peptide, the three possible cleavage points are called a, b, c. When 

the charge is retained by the C-terminal fragment they are called x, y, z as shown 

in Figure 8. The numbering indicates which peptide bond is cleaved, starting at the 

N- and C-termini, and thus the number of amino acid residues in the fragment ion. 

In typical experiments, b and y series ions are most commonly observed. 
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Figure 8: Peptide fragmentation patterns labeled with the common “a,b,c” and “x,y,z” 

There are several algorithms that provide a sequence database for the 

analysis of protein and peptides with MS/MS data, some of the tools available are 

PeptideSearch, Sequest, Mascot, Sonar MS/MS, and ProteinProspector. 

ProteinProspector is a free online software developed by the University of 

California, San Francisco, and will be used in this work to aid in the peptide MS/MS 

data interpretation. The MS-Product feature of ProteinProspector generates 

theoretical fragmentation and annotation of MS/MS spectra. The software also 

offers the inclusion of mass modifications to be inserted in the searching criteria 

which allows for the discovery of drug-peptide adducts. 

Thompson and DeCaprio50 used LC-MS/MS to investigate the in vitro 

adduction of the nitrogen mustards mechloroethamine (HN-2) and tris-(2-

chlorethyl)amine (HN-3) to nucleophilic amino acid residues. The model peptides 

used in the study contained cysteine, lysine, and histidine. The study evaluated 

the composition of the produced adducts, their concentration–response 

relationships, and their temporal stability. All three model peptides were found to 
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undergo covalent adduction to nucleophilic residues after first forming a reactive 

aziridinium intermediate for mechloroethamine and tris-(2-chlorethyl) amine. 

Adduction was discovered to happen most frequently with cysteine, but it was also 

noticed at lysine and histidine, showing that mechloroethamine and tris-(2- 

chlorethyl) amine are capable of adduction at a variety of nucleophilic sites. 

Adducts produced with mechloroethamine were stable for up to three weeks after 

solid phase extraction cleanup. Tris-(2-chlorethyl) amine adducts were less stable, 

although over the course of three weeks, hydrolyzed secondary adducts were still 

visible. 

2.8. Research objectives 

The primary goals of this study are to utilize in vitro HLM metabolic assays, 

synthetic MP catalysts, and EC redox assays to characterize SM and RM of drugs 

of abuse. In addition, this study assesses the capability of reactive species to form 

adducts with reactive peptide thiols to support ongoing work to develop long-term 

biomarkers of exposure for drugs of abuse. The present work builds upon previous 

proof of concept studies performed in the DeCaprio Laboratory at FIU. Analysis of 

potential drug-thiol adducts will be performed through LC-MS analysis utilizing 

GSH and a target thiol-containing tryptic peptide derived from Hb (i.e., Hb 93Cys 

peptide) as biological trapping agents.  

3. METHODOLOGY 

This resource was prepared by the author(s) using Federal funds provided by the U.S. 
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not 

necessarily reflect the official position or policies of the U.S. Department of Justice.



33 

3.1. Instrumentation 

HRMS analysis was performed on an Agilent Technologies (Santa Clara, 

CA, USA) 1290/6530 liquid chromatograph/quadrupole time-of-flight mass 

spectrometer (LC-QTOF-MS), equipped with an Agilent Dual Jet Stream 

Electrospray Ionization in positive ionization mode. LRMS MRM analysis was 

performed on an Agilent Technologies (Santa Clara, CA, USA) 1290/6460 liquid 

chromatograph/triple quadrupole mass spectrometer (LC-QqQ-MS), equipped 

with an Agilent Jet Stream Electrospray Ionization in positive ionization mode. The 

QTOF source parameters were as follows: gas temperature, 350˚C; gas flow 10 

L/min; nebulizer 20 psi; sheath gas temperature 400˚C; sheath gas flow 12 L/min; 

capillary voltage 3,500 V; and nozzle voltage 1000 V. The QqQ source parameters 

were as follows: gas temperature, 300˚C; gas flow 8 L/min; nebulizer 35 psi; sheath 

gas temperature 350˚C; sheath gas flow 11 L/min; capillary voltage 3,500 V; and 

nozzle voltage 1000 V. 

Chromatographic separations were performed using an Agilent Zorbax 

Rapid Resolution HD Eclipse Plus C18 column (3.0 x 100 mm, particle size 1.8 

μm) in both instruments. A biphasic elution system consisting of eluent A: water 

with 0.1% formic acid, and B: acetonitrile with 0.1% formic acid was utilized for 

both instruments. The elution gradient varied between different experiments and 

is discussed below. Elution solvent flow rate was 0.3 mL/min and the injection 

volume was 10 μL for all runs. Data acquisition for the QqQ and QTOF was 

performed using Agilent’s MassHunter Acquisition software (version B.06.00 for 

both systems). Data analysis was performed using Agilent’s MassHunter 
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Qualitative software (version B.07.00), with supplementation by Agilent’s 

BioConfirm software (version B.08.00). 

3.2. Drug selection 

Specific drugs to be investigated were chosen to provide a range of licit and 

illicit abused compounds with consideration of previous data generated in the 

DeCaprio Laboratory and other published work. Figure 9 shows the molecular 

structure and exact mass of the drugs under study. In addition, the well 

characterized adduct-forming drug acetaminophen was utilized as a positive 

control to ensure active mechanisms necessary for biotransformation-induced 

adduct formation. 

 

Figure 9: Structures and exact mass of drugs under study. 

3.3. Chemicals and reagents 

Ammonium bicarbonate, magnesium chloride, glucose-6-phosphate 

sodium salt, iodoacetamide, and acetaminophen were purchased from Sigma 
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Aldrich (St. Louis, MO, USA). Drug standards for cocaine, 3,4-methylenedioxy 

methamphetamine HCl, methamphetamine HCl, and Δ9-tetrahydrocannabinol 

were purchased from Cayman Chemical (Ann Arbor, MI, USA). Formic acid 

(Optima grade for LC/MS), dimethyl sulfoxide (DMSO), β-nicotinamide adenine 

dinucleotide phosphate reduced, tetrasodium salt (NADPH), D(+)-glucose-6-

phosphate dehydrogenase sodium salt, human liver microsomes, glutathione 

(reduced), water (Optima LC/MS grade), and acetonitrile (Optima LC/MS grade) 

were purchased from Thermo Fisher Scientific (Waltham, MA, USA). The Hb 

93Cys peptide (GTFATLSELHCDK) was custom synthesized by BioMatik 

(Kitchener, Ontario, Canada). For the synthetic MP assay, commercial biomimetic 

oxidation kits (BMO kits) were purchased from HepatoChem, Inc. (Beverly, MA). 

3.4. HLM assay 

3.4.1. Generation of drug metabolites 

The assay used for the HLM assay was adapted from work previously 

developed in the DeCaprio lab8, 24 and was employed for the generation of the 

metabolites for the drugs of interest as shown in Figure 10. All incubations were 

performed at 37°C in 25 mM ammonium bicarbonate buffer, pH 7.4 to mimic 

human physiological conditions. The components of the assay were combined in 

a total volume of 250 μL with their final concentrations were 4 mM of drug, 0.5 

mg/mL of HLM, 1.5 mM of MgCl2, 1 mM of NADPH, 1.5 mM of G-6-P and 0.2 U/mL 

of G-6-P-D.  
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Figure 10: Schematic representation of the sample preparation via liver microsomes 

metabolic assay. 

Following addition of assay components in a microfuge vial and vortexing 

briefly to ensure uniformity, the incubation was performed for 4 h. Upon completion 

of the incubation, vials were immediately centrifuged at 11,000 × g for 30 min. After 

centrifugation, aliquots of 200 μL of supernatant were removed from each vial and 

placed in separate, clean LC vials for analysis by high resolution mass 

spectrometry (HRMS). Negative controls, in which NADPH or drug of interest were 

omitted from the incubation mixture, were also prepared. All controls were run in 

parallel with positive samples, processed and analyzed in the same manner.  

Initial analyses by QTOF-MS were performed in full scan mode. In this 

mode, the mass range was m/z 50-1000, with fragmentor voltage set to 100 V and 

no collision induced dissociation. The elution gradient started at 5% of B and 

ramped to 95% B over 17 min of analysis time, with 2 min of post-run for re-

equilibration of the instrument. The analytical column was held at a temperature of 

40˚C during separation. Once the retention times of the metabolites generated 

were recorded, targeted MS/MS analysis was performed. MS/MS data were 

collected with the mass range set to m/z 50–1000 with collision energies of 10, 20, 

and 40 eV to allow for full visualization of fragments formed.  
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3.4.2. Adduction to selected peptides 

To complement the negative ionization mode data previously performed in 

the DeCaprio laboratory,24 analysis on the positive ionization mode of the drugs 

adducted to GSH were performed. The components of the HLM assay were 

combined in a total assay volume of 125 μL of 50 mM sodium phosphate buffer, 

pH 7.4, at the following final concentrations: 1 mM drug of interest, 1 mg/mL HLM, 

3 mM MgCl2, 2 mM NADPH, 3 mM G6P, 0.4 U/mL G6PD, and 2 mM GSH. Assay 

components without GSH were first combined in a microfuge vial and vortexed 

briefly to ensure uniformity, followed by a pre-incubation of 15 min at 37°C. GSH 

was then added to complete the assay and achieve final assay volume, and vials 

were once again vortexed to ensure proper mixing. Incubation then ensued at 37°C 

for 3 h. Upon completion of incubation, vials were immediately centrifuged at 

15,000 × g at 4°C for 30 min. Following centrifugation, 100 μL aliquots of 

supernatant were removed from each vial and placed in separate, clean LC vials, 

and analyzed as described in the previous section. 

Before performing an incubation with the drugs of interest using the Hb 

93Cys peptide, an incubation with iodoacetamide (IAM) was done to provide a 

positive control with  stoichiometric modification of the cysteine thiol. For this 

synthesis, 0.1 mg/mL of Hb 93Cys peptide and 6 mM of IAM were prepared in 25 

mM ammonium bicarbonate buffer, pH 7.4. Incubation then ensued in the dark for 

1 h at 37°C. After the incubation, samples were analyzed using the LC-QTOF-MS 

in flow injection analysis (FIA; without LC column). The FIA experimental 

parameters consisted of an isocratic elution with 50% A and 50% B, 5 min of 
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analysis time, mass range was m/z 50-1000, with fragmentor voltage set to 100 V 

and no collision induced dissociation. 

After the confirmation of adduction of IAM with the Hb 93Cys peptide, it was 

determined that the 93Cys present in the peptide was free to react with reactive 

electrophiles. The next step was to perform a modified HLM assay to metabolize 

the drugs of interest and generate RM that can act as nucleophiles. The 

components of the trapping assay were the same as shown in Figure 10 plus 0.5 

mg/mL of the unadducted Hb 93Cys peptide that was then added to the mixture 

to complete the trapping assay. The samples were then incubated for 4 h at 37°C, 

followed by centrifugation at 11,000 × g for 30 min. Then 200 μL of the supernatant 

was removed and placed in LC vials for analysis on the LC-QTOF-MS as described 

in the previous section, with the mass range set to m/z 50–2000, in order to collect 

the peptide data. 

3.5. Synthetic metalloporphyrins assay 

For the synthetic metalloporphyrin assay, commercial BMO kits were 

employed. The BMO kit utilizes synthetic metalloporphyrin to mimic the oxidative 

in vivo metabolism mediated by liver enzymes (cytochrome P450). In this task, two 

stages of the BMO kits were used: the screening kit and the optimization kit. The 

screening kit was used to perform the primary screen of the metabolites generated 

by each drug using 50 different reaction conditions. Then, the condition that 

produced the highest yield of the metabolites of interest was selected in order to 

identify the appropriate corresponding optimization kit. The optimization kit 
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consisted of further twelve reaction conditions and was used to identify the best 

condition to produce the metabolites of interest. 

The sample preparation using the screening kit (Figure 11) consists of 

preparing two 6.25 mM drug solutions with both solvents provided with the kit, then 

the drug solution and provided reagent solutions are added to a well plate which 

contains solid reagents inside the wells. After all the components have been 

added, the plate is incubated at room temperature on an orbital shaker for 2 h. 

Then 50 µL of DMSO is added to each well to stop any further reaction. Finally, 20 

µL aliquots are collected from each well and transferred to LC vials containing 200 

µL of acetonitrile. A blank of each reaction condition was also obtained without the 

addition of any analyte, in order to differentiate drug metabolites from the reaction 

mix components. The diluted samples are then analyzed in the LC-QTOF-MS. An 

initial analysis was performed in FIA mode to determine the conditions that 

generated the metabolites of interest, then chromatographic separation was 

performed on the samples with the best experimental conditions. 

 

Figure 11: Schematic representation of the sample preparation via synthetic 

metalloporphyrin catalysts. 
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For the optimization kit, the sample preparation involved preparing a 6.25 

mM solution of the drug of interest with the provided solvent, then adding 50 μL of 

the drug solution to each of the 12 wells. The next step was to add the provided 

reagent solutions to each well and incubate for 2 h on an orbital shaker at room 

temperature. Fifty μL of DMSO was then added to each well and 20 μL aliquots of 

the resulting solutions were transferred to HPLC vials containing 200 μL of 

acetonitrile. Then, each condition was tested on the HRMS system to determine 

the condition that produced the highest yield of the desired metabolites in the same 

manner as for the screening kit. 

3.6. Electrochemical assay 

3.6.1. Optimization of EC assay 

The EC experiments were performed on an eDAQ ER 466C Integrated 

Potentiostat System (Colorado Springs, CO, USA). For the optimization of the EC 

assay the following experimental conditions were tested: WE, bulk electrolysis 

potential and duration. Two electrodes were tested for the initial studies with the 

EC assay: a gold electrode and a glassy carbon electrode. For the adduction 

studies, a Pt mesh electrode with higher surface area was utilized. Two potentials 

were tested for the bulk electrolysis for each drug, chosen based on the cyclic 

voltammetry (CV) results for the drug. Lastly, the duration of the bulk electrolysis 

was also evaluated with aliquots collected at 5, 10, 20, 30, 40, 50 and 60 min. 

3.6.2. Generation of drug metabolites 
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A CV experiment was conducted for each drug of interest to determine the 

oxidation voltage to be used during the bulk electrolysis analysis. Additionally, a 

CV was performed on the buffer solution without any added drug to differentiate 

redox peaks generated by the buffer and drugs of interest. Two WEs were tested 

at this phase; a gold electrode and a glassy carbon electrode, both with 3 mm 

diameter. A saturated calomel electrode (SCE) was used as RE, and a Pt/Ti rod 

as CE. For both CV and bulk electrolysis experiments, a 4 mM solution of the drug 

of interest was prepared in 100 mM ammonium bicarbonate buffer with pH of 7.4.  

Then, for the bulk electrolysis, the redox potential was fixed at the voltage 

identified by the CV. A two-compartment cell vial was used with 1 mL of the drug 

solution in the first compartment (glass cylinder) with the WE; and the buffer 

solution was placed in the second compartment (beaker) with the CE and RE as 

shown in Figure 12. The solutions were maintained under magnetic stirring at room 

temperature for the entire duration of the experiment. Aliquots were collected at 5, 

10, 20, 30, 40, 50 and 60 min to determine the ideal bulk electrolysis time. Finally, 

the aliquots collected were analyzed by HRMS in the same way as described in 

section 3.4.1.  
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Figure 12: Schematic representation of the bulk electrolysis performed for the generation 

of metabolites via EC assay. 

 

3.6.3. Adduction to selected peptides 

For the EC trapping assay, a Pt gauze, expanded metal mesh, 0.34 mm 

thick electrode (Alfa Aesar, Ward Hill, MA, U.S.) was used as the WE electrode. 

The same experimental procedure was performed as described in the previous 

section with the addition of the trapping agent. Fifty μL of a 2 mg/mL Hb 93Cys 

peptide solution in ammonium bicarbonate buffer 100 mM, pH 7.4 was pipetted to 

an LC vial. Then 150 μL of the bulk electrolysis aliquot was added to the vial, 

followed by a 10 min incubation on an orbital shaker at room temperature. Finally, 

samples were analyzed by HRMS. 

3.7. In silico methods 

The chemical structure of each drug of interest was drawn in the MetaSite 

software (v.6.0; Molecular Discovery, Pinner, UK), and a prediction of possible 
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metabolites and electrophilic hotspots was performed using the liver metabolic 

pathway. After the predictions were generated, the top 10 metabolites for each 

drug were selected, based on their likelihood of formation and potential 

electrophilic reactivity. The predictions made were then compared with the in vitro 

experimental results. 

The Visual Molecular Dynamics (VMD) software was used to generate the 

structure of the Hb 93Cys peptide  in solution. The pdb file containing the 

sequence of the Hb 93Cys peptide was uploaded to the software. The VMD 

software can display the 3D representation of the molecule using several drawing 

styles. In this work, the licorice representation was selected in the Drawing Method 

tab. 

3.8. LC-QqQ-MS dMRM analysis 

For the development of a dMRM method to analyze drug-peptide adducts, 

Agilent MassHunter Optimizer software was employed to determine the best data 

acquisition parameters for dMRM. The Optimizer report includes precursor ion, 

product ions identified, collision energies, fragmentor voltage, and abundances. 

Optimizer analysis was performed in FIA mode and the experimental parameters 

consisted of an isocratic elution with 20% A and 80% B, 1 min of analysis time, 

mass range of m/z 50-2000, fragmentor voltage set to 100 V, and no collision 

induced dissociation. 

Collected transitions were used to develop the dMRM method. 

Chromatographic separation was achieved using a gradient consisting of 5% of B 
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and ramped to 95% B over 17 min of analysis time, with 2 min of post-run for re-

equilibration of the instrument. The analytical column was held at a temperature of 

40˚C during separation. A dMRM method was chosen to increase selectivity, using 

analyte retention times, detection windows of 0.5 min, and scan cycle time of 500 

ms to allow for the detection of multiple analytes in a small window.  

3.9. Peptide adducts analysis 

Agilent's MassHunter BioConfirm software (version B.08.00) was used to 

analyze the data collected for the peptide adducts. The "peptide digest" method 

was used, the condition was "reduced," the Hb 93Cys peptide sequence was 

added, trypsin was used as the enzyme, and the modifications were methylation, 

hydroxylation, and any appropriate custom modifications. The custom 

modifications were created individually for each drug of interest based on both 

metabolites reported in the literature and those generated in silico by MetaSite. 

Once the workflow was completed for the MS studies, the predicted modifications 

were targeted and analyzed via BioConfirm software, where any potential drug 

adducts were recorded. A flow chart with the work flow for the Hb 93Cys adducts 

is shown in Figure 13.  

 

Figure 13: Flowchart of workflow for Hb 93Cys peptide adduct analysis. 
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The spectra were collected for the Targeted MS/MS studies, compared to 

the theoretical peak list supplied by Protein Prospector, and confirmed peaks were 

recorded. Peaks were considered identified if the observed mass was within 0.1 

Da of the mass reported in the theoretical peak table. If the mass differential was 

less than 0.5 Da, the peak was considered a possible match. All peaks with a mass 

differential of >0.5 Da were eliminated. 

4. RESULTS AND DISCUSSION 

4.1. Task 1 – Generation of drug metabolites 

The first part of this study was the identification and comparison of the SM 

and RM formed by the three different approaches: 1) HLM assay, 2) EC assay and 

3) synthetic MP catalysts. No such direct comparison of all three approaches to 

drug (licit or illicit) metabolism has previously been reported. Ultimately, these 

methods were evaluated for production of specific adducted GHS and Hb peptides 

for use as standards in the LC-QqQ-MS based assay. 

4.1.1. In silico generation of drug metabolites: 

MetaSite generated several possible metabolites for each drug of interest, 

most of them were well known metabolites, and some were not generated by any 

in vitro system evaluated in this work. However, novel metabolites of THC and 

MDMA were correctly predicted by MetaSite and later seen with the in vitro 

metabolism. In Figure 14, there is a screenshot of THC as the prediction substrate 

and the top three metabolites predicted. The first one is the well-known THC 
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metabolite 11-OH-THC, the other two were not previously reported in the literature 

and were named as nor-9-methylidene-Δ9-tetrahydrocannabinol (methylidene-

THC), and 9-carbaldehyde-Δ9-tetrahydrocannabinol (11-CHO-THC).  

 

 

Figure 14: MetaSite liver metabolism prediction for THC. 

 

Figure 15: MetaSite liver metabolism prediction for MDMA. 
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In Figure 15, there is a screenshot of MDMA as the prediction substrate and 

the three of the metabolites predicted. Two predicted metabolites shown in the 

screenshot were not previously reported in the literature but were found with the in 

vitro systems investigated in this study, they were named as 3-hydroxy-4-

phenylformylate amphetamine (HFA), and 3-hydroxy-propylphenoxyformylic acid 

amphetamine (HPA). 

4.1.2. Optimization of the synthetic MP assay: 

To find the best reaction conditions for the synthetic MP assay, the first step 

was to use the BMO screening kit. A set of 50 conditions with two solvents was 

tested and analyzed using flow injection analysis (FIA) on the LC-QTOF-MS. A 

summary of the positive mode ions found for each condition is shown in Appendix 

1 a-d. The set of conditions that best produced metabolites for APAP was A6 with 

solvent 1; for MDMA was A5 with solvent 1; for METH was A2 with solvent 2; and 

for THC was D4 solvent 1. The FIA full scan QTOF mass spectra for these products 

are shown in Figure 16. The choice of the best conditions was based on the 

number of metabolites found and their ion intensity. 
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Figure 16: FIA QTOF-MS full scan spectrum of the BMO screening kit for a) APAP; b) 

MDMA; c) METH; and d) THC. 

The only metabolite of APAP found was NAPQI, with mass error of 0.7 ppm, 

shown in Figure 16a. Three metabolites of MDMA were identified as can be seen 

in Figure 16b; 3,4-dihydroxyamphetamine (HHA), 3,4-methylenedioxy-

amphetamine (MDA), 3,4-dihydroxymethamphetamine (HHMA), HFA, with mass 

errors of -3.6, -11.1, -0.6, and 0.5 ppm, respectively. Two metabolites of METH 

were identified, as can be seen in Figure 16c; amphetamine (AMP) and p-

hydroxymethamphetamine (p-OH-METH), with mass errors of -6.6 and 3.6 ppm, 

respectively. Four metabolites of THC were identified, as seen in Figure 16d; 11-

hydroxy-Δ9-tetrahydrocannabinol (11-OH-THC), 11-nor-9-carboxy-Δ9-

tetrahydrocannabinol (11-COOH-THC), methylidene-THC and 11-CHO-THC with 

mass errors of, -5.1, -3.2, -2.7, and -3.2 ppm respectively. Three novel metabolites 

were found with the BMO screening kits and with the aid of MetaSite software 

prediction. The proposed structures for these metabolites are shown in Figure 17. 
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Figure 17: Proposed chemical structures of the four novel metabolites found with the 

screening BMO kit with the aid of MetaSite software predictions. 

The next step was to use the BMO optimization kit to ramp up the reaction 

to semi-preparative levels. The optimization kits used for each drug were unique, 

since the best conditions selected with the screening kit were different for each 

drug of interest. The optimization kit contained 12 reaction conditions to be tested. 

The condition that best produced metabolites for APAP was A2; for MDMA was 

A5; for METH was A11; and for THC was A10. A summary of the positive mode 

ions found for each condition is shown in Appendix 1 e-h. The full scan QTOF 

mass spectra for these products are shown in section 4.1.4 and the MS/MS spectra 

will be discussed in section 4.1.5. Only the NAPQI metabolite was identified for 

APAP. Three metabolites of METH were identified; AMP, p-OH-METH, and 

methcathinone. Four metabolites of MDMA were identified; HHA, HMMA, HFA and 

HPA. Five metabolites of THC were identified; 11-OH-THC, 11-COOH-THC, 

methylidene-THC, 11-CHO-THC, and 8α,11-dihydroxy-Δ9-tetrahydrocannibinol 
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(dihydroxy-THC). Another novel metabolite was found with the optimization kit for 

MDMA; HPA, and its postulated structure is shown in Figure 17. 

4.1.3. Optimization of EC assay: 

During the EC optimization process, two WEs were tested, gold and glassy 

carbon, and it was determined that glassy carbon generated a greater number of 

metabolites. The cyclic voltammograms obtained with the drugs of interest using 

glassy carbon as the WE, calomel standard as the RE, and Pt/Ti rod as the CE 

can be seen in Figure 18.  

 

Figure 18: Cyclic voltammogram of APAP, using glassy carbon as the WE, calomel 

standard as the RE, and Pt/Ti rod as the CE. 
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scan speed was of 250 mV/s at pH 7.4, and an oxidation peak at +500 mV and a 

reduction peak at -1 V were observed. For METH, the scan speed was of 100 mV/s 

at pH 7.4, and an oxidation peak at +480 mV and two reduction peaks at -100 mV 

and -750 mV were observed. For THC, the scan speed was of 50 mV/s at pH 7.4, 

and an oxidation peak at +700 mV and a reduction peak at +.340 mV were 

observed.  

The ideal oxidation voltages determined by CV for each of the drugs under 

study were determined to be +600 mV for APAP, -1.045 V for MDMA, +480 mV for 

METH, and +700 mV for THC. When analyzing the different aliquots collected at 

5, 10, 20, 30, 40, 50, and 60 min for the bulk electrolysis, it was shown that the 

abundance on the MS spectra did not change significantly over time for each 

metabolite generated. For some cases, such as NAPQI, the abundance decreased 

over time, showing potentially that the metabolites generated were being subjected 

to redox reactions themselves. Based on these results, the duration of the bulk 

electrolysis was chosen to be 5 min for all drugs of interest. 

4.1.4. Full Scan MS analysis of the obtained metabolites:  

Optimization of the LC-QTOF acquisition method used for the analysis of 

the metabolites found in the assay systems ensured that a single method could be 

used to analyze all drugs of interest. Full scan data was collected for each drug 

after the metabolism with each in vitro approach. Agilent’s Qualitative Analysis 

B.07.00 software was used to analyze the obtained data, where the 

chromatograms were extracted using the extracted ion chromatogram (XIC) 

feature. On XIC, the m/z of potential metabolites are put on a list of m/z values of 
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interest, then the chromatogram is extracted, and the retention times for each 

compound are recorded for further analysis using targeted MS/MS.  

 

Figure 19: XIC spectra for NAPQI obtained with the three methods. 

For APAP, the well-known metabolite N-acetyl-p-benzoquinone imine 

(NAPQI) with m/z of 150.0550 was found to be formed with all three methods as 

shown in Figure 19. Two major metabolites were found for MDMA; 3,4-

dihydroxymeth-amphetamine (HHMA) and 3,4-methylenedioxyamphetamine 

(MDA), with m/z of 182.1176 and 180.1025, respectively. These two major 

metabolites were found with all three in vitro methods and XIC data for them is 

shown in Figures 20 and 21.  
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Figure 20: XIC spectra for HHMA obtained with the three methods. 

 

Figure 21: XIC spectra for MDA obtained with the three methods. 

Four minor metabolites were also found with MDMA; 3-hydroxy-4-

phenylformylateamphetamine (HFA), with m/z of 210.1125 obtained with the three 
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methods; dihydroxyamphetamine (HHA) with m/z of 168.1025 obtained with the 

HLM assay only; 4-(2-aminopropyl)-1,2-benzoquinone (quinone derivative) with 

m/z of 166.0868 obtained with the EC assay only; and 3-hydroxy-

propylphenoxyformylic acid amphetamine (HPA) with m/z of 226.1079 obtained 

with the synthetic MP catalysts only. The XIC data for the minor metabolites found 

for MDMA can be seen in Appendix 2 a-d. 

For the metabolism of METH, a major product was found; amphetamine 

(AMP) with m/z of 136.1126. AMP was found with the three in vitro methods and 

XIC data for them can be seen in Figure 22. Five other metabolites were also found 

with the METH metabolism, including a novel metabolite, methcathinone, with m/z 

of 164.1075 obtained with the HLM assay and synthetic MP catalysts. XIC data for 

this product can be seen in Figure 23.  

 

Figure 22: XIC spectra for AMP obtained with the three methods. 
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Other metabolites included N-hydroxy-methamphetamine (N-OH-METH), 

with m/z of 166.1226, obtained with HLM assay and EC assay; N-hydroxy-

amphetamine (N-OH-AMP) with m/z of 152.1075 obtained with the HLM assay; N-

1-Phenylpropan-2-yl (imine intermediate) with m/z of 148.1126 obtained with the 

EC assay; and p-hydroxy-methamphetamine (p-OH-METH) with m/z of 166.1226 

obtained with the synthetic MP catalysts. The XIC data for the minor metabolites 

found for METH can be seen in Appendix 2 e-h. 

 

Figure 23: XIC spectra for methcathinone obtained with the HLM assay and synthetic 

metalloporphyrin catalysts. 

Two major metabolites were found for THC; 11-nor-9-carboxy-Δ9-tetrahy- 

drocannabinol (11-COOH-THC), and 11-nor-9-carbaldehyde-Δ9-tetrahydrocanna- 

binol (11-CHO-THC), with m/z of 345.2066 and 329.2111, respectively. These two 

major metabolites were found with all three in vitro methods; XIC data can be seen 

in Figures 24 and 25.  
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Figure 24: XIC spectra for 11-COOH-THC obtained with the three methods. 

 

Figure 25: XIC spectra for 11-CHO-THC obtained with the three methods. 
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assay and synthetic MP catalysts; nor-9-methylidene-Δ9-tetrahydrocannabinol 

(methylidene-THC) with m/z of 313.2162 obtained with all three methods; and 

8α,11-dihydroxy-Δ9-tetrahydrocannibinol (dihydroxy-THC) with m/z of 347.2217 

obtained with the EC assay and synthetic MP catalysts. The XIC data for the minor 

metabolites found for METH can be seen in Appendix 2 i-k. 

4.1.5. Targeted MS/MS analysis of the obtained metabolites  

4.1.5.1. APAP 

The results for the biotransformation of APAP for each of the in vitro assays 

are summarized in Table 3. It was found that NAPQI, the well-known reactive 

metabolite of APAP was the major and only metabolite found for all three methods.  

Table 3: Metabolite found with APAP for each assay. 

Metabolite Formula In vitro model Observed m/z Fragments 

NAPQI C8H8NO2
+ 

HLM assay 150.0546 108.0449, 80.0502 

EC assay 150.0549 108.0413, 80.0493 

Synthetic MP 150.0550 108.0449, 80.0500 

 

The MS/MS spectrum for NAPQI generated with the HLM assay is shown 

in Figure 26a. Two characteristic transition ions were present at m/z 80.0502 

(C5H6N+) and m/z 108.0449 (C6H6NO+). NAPQI was expected to be found with the 

HLM assay, since it is a well-known metabolite of APAP and its oxidation is 

mediated by CYP2E1, CYP1A2, CYP3A4, and CYP2A6 subfamilies of the P450 

oxidase system.77  
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Figure 26: LC-QTOF-MS/MS spectra for the peaks of interest observed for the APAP 

metabolite NAPQI, obtained with a) HLM assay; b) EC assay; c) synthetic MP catalysts; 

d) fragmentation pattern for NAPQI. 

For the EC assay, the potential for the bulk electrolysis was fixed at +600 

mV, as determined by the CV. The MS/MS spectrum for NAPQI generated by EC 

oxidation is shown in Figure 26b, where APAP is oxidized by losing 2e- and 2H+ 

leading to the formation of NAPQI, as shown in Figure 27. A similar approach was 

used by Madsen et al.33 to oxidize paracetamol (APAP) into its reactive 

metabolites, focusing on the electrochemical generation of NAPQI and posterior 

trapping with GSH. 

 

Figure 27: Reaction scheme of the EC oxidation of APAP to NAPQI. 
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In the present study, the synthetic MP catalysts were able to 

successfully mimic the peroxidase oxidation of APAP; the MS/MS spectrum 

for NAPQI produced in this assay is shown in Figure 26c. The formation of 

NAPQI via the biomimetic system has been well studied. Bearnadou et al.78 

demonstrated the formation of NAPQI with four different water soluble 

metalloporphyrins containing either Mn or Fe. The best catalyst for the 

oxidation of APAP was found to be an Fe(IIl) derivative of tetrasodium 

meso-tetrakis(p-sulfonatophenyl)porphyrin. Chapman et al.38 also showed 

that an iron(III) porphyrin (FeP) was responsible for the generation of 

NAQPI from APAP. 

4.1.5.2. MDMA 

Cytochrome P450 enzymes have been extensively reported to mediate the 

metabolism of MDMA.79, 80 However, the metabolism of MDMA via synthetic 

metalloporphyrins has not been reported in the literature. Since a commercial kit 

was used in this study and as the composition of the MP is proprietary, it is 

speculated that an Fe(III) porphyrin was responsible for the generation of the 

MDMA metabolites identified. 

The voltametric behavior of various amphetamine-like drugs, including 

AMP, METH, MDA, and MDMA with a glassy carbon electrode was investigated 

by Garrido et al. 81 With the exception of AMP, the authors found that all of the 

amphetamines studied are electroactive, and their oxidation mechanism is related 

to an oxidation process occurring on the aromatic nucleus and/or the secondary 

amine group present in the molecules. It was also found that the redox 
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biotransformation of MDMA in aqueous media uses the same number of electrons 

and protons.81  

The results for the metabolism of MDMA with the three approaches are 

summarized in Table 4. There were two major metabolites that were found in 

common with the three methods; HHMA and MDA. Additionally, four minor 

metabolites were also found; HFA, HHA, HPA and a quinone derivative. 

Table 4: Metabolites found with MDMA for each system. 

Metabolite Formula In vitro model Observed m/z Fragments 

HHMA C10H16NO2
+ 

HLM assay 182.1168 151.0754, 133.0652, 123.0446 

EC oxidation 182.1160 151.0755, 133.0646, 123.0434 

Synthetic MP 182.1174 151.0753, 133.0649, 123.0442 

MDA C10H14NO2
+ 

HLM assay 180.1028 163.0759, 135.0444, 105.0702 

EC oxidation 180.1017 163.0767, 135.0380 

Synthetic MP 180.1051 163.0717, 135.0433, 105.0697 

HFA C11H16NO3
+ 

HLM assay 210.1121 192.1061, 123.0456, 105.0728 

EC oxidation 210.1123 192.1027, 179.0700, 123.0440 

Synthetic MP 210.1117 179.0702, 151.0749, 123.0441 

HHA C9H14NO2
+ HLM assay 168.1029 152.0712, 89.0591, 45.0331 

Quinone 

derivative 
C9H12NO2

+ EC oxidation 166.0868 135.0437, 77.0383 

HPA C11H16NO4
+ Synthetic MP 226.1076 195.0876, 166.0865, 136.0726 
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The formation of  HHMA is catalyzed by CYP2D6, CYP1A2, CYP2B6 and 

CYP3A4 enzymes via O-demethylation, and it is the main metabolite found in 

humans.79, 80, 82 For the EC assay, the potential set for the bulk electrolysis was 

fixed at -1.045 V, as determined by the CV. The proposed reaction mechanism 

involves a water molecule cleaving the methylenedioxy ring, forming methanol and 

a quinone intermediate. The quinone is then reduced to form HHMA as shown in 

Figure 28.  

 

 

Figure 28: Reaction scheme of the EC redox transformation of MDMA to generate HHMA. 

To aid in the interpretation of the QTOF-MS/MS spectra, fragmentation 

patterns were compiled using published data and, where not available, 

fragmentation was predicted using ChemDraw Prime software (PerkinElmer, 

version 21.0.0) to produce plausible fragments. The QTOF-MS/MS spectra 

obtained for the major metabolite HHMA for each of the in vitro methods is shown 

in Figure 29. The spectrum of HHMA ([M+H]+ with m/z 182) shows a loss of 

methylamine forming the fragment ion with m/z 151; the fragment ion with m/z 133 

can be considered as a secondary fragment of the ion with m/z 151 and 

corresponds to a loss of a hydroxyl group. The β-C-C cleavage leads to the 

fragment m/z 123 due to the loss of ethylmethylamine. 
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Figure 29: LC-QTOF-MS/MS spectra for the peaks of interest observed for the MDMA 

metabolite HHMA, obtained with a) HLM assay; b) EC assay; c) synthetic MP catalysts; 

d) fragmentation pattern for HHMA. 

The second major metabolite found was MDA, produced via an N-

demethylation reaction catalyzed by CYP2D6, CYP1A2, and CYP2B6 enzymes.82 

For the EC assay, the proposed reaction mechanism involves a water molecule 

attacking the methyl group and forming methanol, then a hydrogen shift from the 

water molecule to the amine group, as seen in Figure 30. 

 

 

Figure 30: Reaction scheme of the EC redox transformation of MDMA to generate MDA. 

The transitions found with the MS/MS spectra of the major metabolite MDA 

([M+H]+ with m/z 180) show a loss of NH3 to a fragment ion with m/z 163 and a β-

C-C cleavage leading to a 1,3-benzodioxol-5-ylmethylium ion with m/z 135 due to 
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the loss of ethylamine (Figure 31). The fragment ion with m/z 105 can be 

considered as a secondary fragment of the ion with m/z 135 and corresponds to 

the cleavage of the methylenedioxy ring. 

 

Figure 31: LC-QTOF-MS/MS spectra for the peaks of interest observed for the MDMA 

metabolite MDA, obtained with a) HLM assay; b) EC assay; c) synthetic MP catalysts; d) 

fragmentation pattern for MDA. 

The minor metabolite HFA ([M+H]+ with m/z 210) was found with all three 

methods to generate drug metabolites. It is a novel metabolite of MDMA that has 

not been reported in the literature before. It is proposed that this new metabolite is 

formed by the oxidation of the dioxolane ring of MDMA, forming a formylate group, 

mediated by CYP enzymes in the HLM assay. For the EC assay, the proposed 

reaction mechanism involves the breakage of the methylenedioxy ring and 

formation of a carbocation that is attacked by a water molecule. Then the formylate 

group is formed, and two e- and two H+ are released, and a hydrogen shift forms 

the hydroxyl group as shown in Figure 32. 
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Figure 32: Reaction scheme of the EC redox transformation of MDMA to generate HFA. 

The MS/MS spectrum of HFA ([M+H]+ with m/z 210) shows a fragment ion 

at m/z 192 formed by dihydroxylation and a β-C-C cleavage leading to a fragment 

with m/z 179 due to the loss of ethylamine (Figure 33). The fragment ion with m/z 

151 can be considered as a secondary fragment of the ion with m/z 179 and 

corresponds to a loss of HC=O due to a C-C cleavage. The fragment ion with m/z 

123 can be considered as a secondary fragment of the ion with m/z 151 and 

corresponds due to a β-C-C cleavage leading to a loss of CH3CH2. 

 

 

Figure 33: LC-QTOF-MS/MS spectra for the peaks of interest observed for the MDMA 

metabolite HFA, obtained with a) HLM assay; b) EC assay; c) synthetic MP catalysts; d) 

fragmentation pattern for HFA. 

The minor metabolite HHA ([M+H]+ with m/z 168)  was only seen with the 

HLM assay, produced by the O-demethylation of MDA to generate HHA and 
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catalyzed by CYP2D6, CYP1A2, CYP2B6 and CYP3A4 enzymes.79 The MS/MS 

spectrum for HHA (Figure 34a) shows a fragment ion with m/z 152 formed by a 

demethylation and cleavage of the benzyl ring, leading to a fragment with m/z 89 

as seen in Figure 34b. 

 

Figure 34: LC-QTOF-MS/MS spectra observed for the MDMA metabolites: a) HHA formed 

with the HLM assay, c) a quinone derivative formed with the EC oxidation, e) HPA formed 

with the synthetic MP. The proposed fragmentation pattern for each metabolite is also 

shown, b) HHA, d) quinone derivative, and f) HPA. 

 

A quinone derivative ([M+H]+ with m/z 166), was found only with the EC 

assay. This was not anticipated, as it is a reactive species. However, it was 
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mechanism involves a water molecule attacking the methylenedioxy ring, breaking 

the ring, forming methanol and the derivative as seen in Figure 35. The MS/MS 

spectrum for the quinone derivative (Figure 34c) shows the formation of the 

fragment with m/z of 77 corresponding to the loss of two oxygen, and a fragment 

ion with m/z 135 formed by the loss of a methyl group and ammonia (Figure 34d). 

  

 

Figure 35: Reaction scheme of the EC redox transformation of MDA to generate the 

quinone derivative. 

The last metabolite found for MDMA was 3-hydroxy-propylphenoxy-formylic 

acid amphetamine (HPA) ([M+H]+ with m/z 182) via the synthetic MP catalysts. 

This is also a novel metabolite that has not been reported in the literature. It is 

hypothesized that it was formed via the metabolic reaction with an iron(III) 

porphyrin (FeP). The fragmentation profile for HPA shows the formation of a 

fragment with m/z of 195, corresponding to the demethylation of the amine and 

loss of an oxygen in the formic group. Fragment with m/z 166 is consistent with the 

loss of the formyl group and two demethylations. Lastly, the fragment with m/z 136 

is consistent with loss of the oxygen in the formyl group and two demethylations. 
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4.1.5.3. METH 

METH is metabolized in humans mainly through CYP2D6 by aromatic 

hydroxylation and N-demethylation. A summary of the results of the metabolism of 

METH with the three different assays is shown in Table 5.  

Table 5: Metabolites found with METH for each assay. 

Metabolite Formula In vitro model 
Observed 

m/z 
Fragments 

AMP C9H14N+ 

HLM assay 136.1126 119.0861, 91.0549 

EC oxidation 136.1121 119.0864, 105.0664, 91.0539 

Synthetic MP 136.1114 119.0787, 91.0547 

Methcathinone C10H14NO+ 

HLM assay 164.1074 
148.1119, 135.0803, 

107.0490 

Synthetic MP 164.1076 
148.1102, 135.0805, 

107.0491 

N-OH-METH C10H16NO+ 

HLM assay 166.1226 148.1117, 119.0857, 91.0541 

EC oxidation 166.1223 
148.1120, 133.0893, 

107.0484 

Synthetic MP 166.1214 
148.1115, 135.0800, 

107.0490 

N-OH-AMP C9H14NO+ HLM assay 152.1075 119.0859, 91.0552 

p-OH-METH C10H14NO+ EC oxidation 166.1214 135.0800; 107.0490 

Imine 

derivative 
C10H14N+ EC oxidation 148.1134 133.0846, 119.0791, 91.0530 
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Amphetamine was the one major metabolite that was found in common with 

the three methods. Additionally, five other metabolites were found: methcathinone, 

N-OH-METH, N-OH-AMP, p-OH-METH, and an imine derivative. The main 

metabolite found for METH was AMP and it is reported in the literature to be formed 

by the N-demethylation of METH mediated by CYP2D6 enzyme, 79, 83 which was 

the pathway of metabolism for the HLM assay. There are no literature reports of in 

vitro metabolism of METH using EC or synthetic MP biomimetic systems. For the 

EC assay, the potential set for the bulk electrolysis was fixed at +480 mV, as 

determined by the CV results. The proposed reaction mechanism involves a water 

molecule attacking the methyl group bonded to the amine and forming methanol 

as shown in Figure 36. For the synthetic MP catalysts, it is speculated that the 

metabolites were generated by an iron (III) porphyrin (FeP) catalyst. 

 

Figure 36: Reaction scheme of the EC redox transformation of METH to generate 

the AMP. 

The QTOF-MS/MS spectra obtained for the major metabolite AMP for each 

of the in vitro methods is shown in Figure 37. The spectra of AMP ([M+H]+ with m/z 

136) show the fragment ion m/z 119, resulting from the loss of methylamine; the 

tropylium ion with m/z 91 is formed due to a β-C-C cleavage; and the secondary 

fragment with m/z 105 is due to the loss of a methyl group from the ion m/z 119. 
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Figure 37: LC-QTOF-MS/MS spectra for the peaks of interest observed for the METH 

metabolite AMP, obtained with a) HLM assay; b) EC assay; c) synthetic metalloporphyrin 

catalysts; d) fragmentation pattern for AMP. 

 

Another novel METH metabolite found with the HLM assay and the 

synthetic MP catalysts was methcathinone. This metabolic pathway has not 

previously been reported in the literature. It is proposed that methcathinone is 

formed by the oxidation of METH to form a β-keto substituent, possibly via a 

hydroxylated intermediate, but further work is needed to confirm this mechanism.  

The QTOF-MS/MS spectra obtained for the methcathinone is shown in 

Figure 38. The spectra of methcathinone ([M+H]+ with m/z 164) shows the 

fragment with m/z 148 formed due to the loss of oxygen from the ketone group; 

the fragment ion m/z 135, resulting from the loss of methylamine; and the fragment 

ion with m/z 107 is formed due to a β-C-C cleavage. 
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Figure 38: LC-QTOF-MS/MS spectra for the peaks of interest observed for the METH 

metabolite methcathinone, obtained with a) HLM assay; b) synthetic MP catalysts; c) 

fragmentation pattern for methcathinone. 

The metabolite N-Hydroxy-N-methyl-1-phenyl-2-propanamine (N-OH-

METH) was observed with the HLM assay and the EC assay. N-OH-METH is 

produced by the hydroxylation of the amine of METH.79 For the EC assay, the 

proposed reaction mechanism involves a water molecule attacking the amine 

group, and forming a hydroxyl group and releasing two e- and two H+ are released 

as shown in Figure 39. 

 

Figure 39: Reaction scheme of the EC redox transformation of METH to generate the N-

OH-METH. 

4x10

0

1

2

3

4

5

6

7

8 148.1119

164.1074
107.0490 135.0803

91.053756.0507 70.0637

Counts vs. Mass-to-Charge (m/z)

60 70 80 90 100 110 120 130 140 150 160 170

5x10

0

0.2

0.4

0.6

0.8

1
135.0805

107.0491

58.0648 148.110277.0382 90.0060 129.0113

Counts vs. Mass-to-Charge (m/z)

60 70 80 90 100 110 120 130 140 150 160

c)a)

b)

H+

148

135107

164.1076

This resource was prepared by the author(s) using Federal funds provided by the U.S. 
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not 

necessarily reflect the official position or policies of the U.S. Department of Justice.



71 

The MS/MS spectra for N-OH-METH ([M+H]+ with m/z 166) is shown in 

Figure 40, the fragment ion with m/z 148 is formed by dihydroxylation of the amine, 

the fragment ion with m/z 133 is formed by dihydroxylation and demethylation of 

the amine, the fragment ion with m/z 133 is formed by the loss of the N-

methylhydroxylamine group, and the tropylium ion with m/z 91 is formed due to a 

β-C-C cleavage.  

 

Figure 40: LC-QTOF-MS/MS spectra for the peaks of interest observed for the METH 

metabolite N-OH-METH, obtained with a) HLM assay; b) EC assay; c) fragmentation 

pattern for N-OH-METH. 

 

The metabolite N-OH-AMP was seen with the HLM assay only. N-OH-AMP 

is formed by the hydroxylation of the amine group of the metabolite AMP.79 The 

MS/MS spectra for N-OH-AMP ([M+H]+ with m/z 152) is shown in Figure 41a, the 

fragment ion with m/z 119 is formed by the loss of hydroxylamine; and the tropylium 

ion with m/z 91 is formed due to a β-C-C cleavage as seen in Figure 41b.  
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Figure 41:LC-QTOF-MS/MS spectra observed for the METH metabolites: a) N-OH-AMP 

formed with the HLM assay; c) an imine derivative formed with the electrochemistry 

oxidation, e) p-OH-METH formed with the synthetic MP. The proposed fragmentation 

pattern for each metabolite is also shown, b) N-OH-AMP; d) imine derivative, and f) p-OH-

METH. 

 

The imine derivative was seen with EC assay only. The proposed reaction 

mechanism involves the reduction of the methylamine group to form an imine 

group as shown in Figure 42. The MS/MS spectra for the imine derivative ([M+H]+ 

with m/z 148) is shown in Figure 41c, the fragment ion with m/z 133 is formed by 

the demethylation of the amine and double bond formation of C=N; the fragment 

ion with m/z 119 is formed by a demethylation due to a β-C-C cleavage, and the 

tropylium ion with m/z 91 is formed due to a β-C-C cleavage as seen in Figure 41d.  
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Figure 42: Reaction scheme of the EC redox transformation of METH to generate the 

imine derivative. 

 

The metabolite p-OH-METH was seen with synthetic MP catalysts only. p-

OH-METH is formed by the hydroxylation of the benzene ring of METH. The 

MS/MS spectrum for p-OH-METH ([M+H]+ with m/z 166) is shown in Figure 41e. 

The fragment ion with m/z 135 is formed by the loss of hydroxylamine, and the 

fragment ion with m/z 107 is formed due to a β-C-C cleavage as seen in Figure 

41f. 

4.1.5.4. THC 

The summary of the results obtained with THC with the 3 in vitro 

approaches are shown in Table 6. There were two major metabolites that were 

found in common with the three methods, 11-COOH-THC, and 11-CHO-THC. 

Three minor metabolites were also found: 11-OH-THC, 11-dihydroxy-THC, and a 

methylidene-THC derivative.  
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Table 6: Metabolites found with THC for three assays. 

Metabolite Formula 
In vitro 

model 

Observed 

m/z 
Fragments 

11-COOH-

THC 
C21H29O4

+ 

HLM assay 345.2074 327.1938, 285.1842, 229.1256 

EC oxidation 345.2062 299.2066, 287.1612, 259.1637 

Synthetic MP 345.2062 327.1956, 303.1613, 285.1544 

11-CHO-

THC 
C21H29O3

+ 

HLM assay 329.2095 311.2009, 269.1535, 245.1531 

EC oxidation 329.2116 311.2001, 271.1694, 231.1380 

Synthetic MP 329.2109 311.1997, 271.1698, 231.1373 

11-OH-THC C21H31O3
+ 

HLM assay 331.2281 313.2172, 271.1688 

Synthetic MP 331.2236 313.2129, 271.1691, 193.1232 

11-

dihydroxy-

THC 

C21H31O4
+ 

EC oxidation 347.2202 329.2096, 311.2005, 271.1690 

Synthetic MP 347.2217 329.2101, 311.2001, 271.1673 

Methylidene 

-THC 
C21H29O2

+ 

HLM assay 313.2172 257.1538, 217.1243, 193.2130 

EC oxidation 313.2160 217.1214, 201.0916, 193.1243 

Synthetic MP 313.2137 271.1710, 231.1358, 217.1231 

 

The main metabolite found for THC was 11-COOH-THC, which is a major 

urinary metabolite in vivo reported to be formed by the oxidation of 11-OH-THC by 

CYP2C9 and CYP2C19 isozymes.84, 85. There are no literature reports on the 

metabolism of THC using either EC or synthetic MP biomimetic systems. For the 
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EC assay, the potential set for the bulk electrolysis was fixed at +700 mV, as 

determined by the CV. The proposed reaction mechanism involves oxidation of the 

methyl group of the cyclohexene ring, forming a carboxylic acid group as shown in 

Figure 43. For the synthetic MP catalysts, it is speculated that the metabolites were 

generated by an iron (III) porphyrin (FeP) catalyst. 

 

Figure 43: Reaction scheme of the EC redox transformation of THC to generate 11-

COOH-THC. 

 

The MS/MS spectrum for 11-COOH-THC ([M+H]+ with m/z 345) is shown in 

Figure 44, the fragment ion with m/z 299 is formed due to a β-C-C cleavage and 

loss of the carboxylic group; the fragment ion with m/z 285 can be considered as 

a secondary fragment of the ion with m/z 299 and corresponds to a loss of methyl 

group. The fragment ion with m/z 327 is formed by the dihydroxylation of the 

benzene ring; and the fragment ion with m/z 327 is formed by the C-C cleavage at 

the pentyl chain. 
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Figure 44: LC-QTOF-MS/MS spectra for the peaks of interest observed for the THC 

metabolite 11-COOH-THC, obtained with a) HLM assay; b) EC assay; c) synthetic MP 

catalysts; d) fragmentation pattern for 11-COOH-THC. 

Darzi et al.86 proposed a gentle electrochemical method for converting THC 

to its corresponding p-quinone isomer. In comparison to THC, the photophysical 

and electrochemical properties of the resulting quinone showed a significant shift. 

This straightforward protocol lays the groundwork for the creation of an 

electrochemical marijuana breathalyzer. In this work we found a metabolite with 

the same m/z of 329 as the proposed quinone however, the MS/MS spectra did 

not match that of the quinone. We propose a different structure for 11-CHO-THC, 

with it being a novel metabolite not reported in the literature. This product was 

obtained with the three in vitro systems. It is proposed that 11-CHO-THC is formed 

is formed by the oxidation of the methyl group on the cyclohexene ring of the THC 

molecule. For the EC assay, the proposed reaction mechanism involves the 

oxidation of THC and the release of a water molecule, as shown in Figure 45.  
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Figure 45: Reaction scheme of the EC redox transformation of THC to generate 11-CHO-

THC. 

 

The MS/MS spectra for 11-CHO-THC ([M+H]+ with m/z 329) is shown in 

Figure 46. The fragment ion with m/z 311 is formed by the dihydroxylation of the 

benzene ring, while the fragment ion with m/z 271 corresponds to the loss of the 

two methyl groups and the carbaldehyde group. The fragment ion with m/z 245 is 

formed by the C-C cleavage at the pentyl chain and the carbaldehyde group. 

 

 

Figure 46: LC-QTOF-MS/MS spectra for the peaks of interest observed for the THC 

metabolite 11-CHO-THC, obtained with a) HLM assay; b) EC assay; c) synthetic MP 

catalysts, d) fragmentation pattern for 11-CHO-THC. 
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Another novel product not previously reported in the literature, a 

methylidene-THC derivative, was obtained with all three in vitro systems. It is 

proposed that this derivative is formed by the reduction of the methyl group on 

position 9. For the EC assay, the proposed reaction mechanism involves the 

reduction of the methyl group of the cyclohexene ring, as shown in Figure 47.  

 

 

Figure 47: Reaction scheme of the EC redox transformation of THC to generate 

methylidene-THC. 

 

The MS/MS spectra for the methylidene-THC derivative ([M+H]+ with m/z 

313) is shown in Figure 48. The fragment ion with m/z 217 is formed by the loss of 

the two methyl groups and the pentyl chain, while the fragment ion with m/z 271 

corresponds to the loss of the two methyl groups and the methylidene group. The 

fragment ion with m/z 193 is formed by the loss of the pentyl chain and cleavage 

of the cyclohexene ring. 
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Figure 48: LC-QTOF-MS/MS spectra for the peaks of interest observed for the THC 

metabolite methylidene-THC, obtained with a) HLM assay; b) EC assay; c) synthetic MP 

catalysts; d) fragmentation pattern for methylidene-THC. 

 

11-OH-THC was found for the HLM assay and for the synthetic MP 

catalysts. This metabolite was expected to be found, since it is a well-studied 

metabolite of THC and it is obtained via the oxidation of the methyl group present 

on the cyclohexene ring catalyzed via cytochromes CYP2C9 and CYP2C19 

isozymes.84 The MS/MS spectra for 11-OH-THC ([M+H]+ with m/z 331) is shown 

in Figure 49. The fragment ion with m/z 313 is formed by the loss of the hydroxyl 

group on the benzene ring, while the fragment ion with m/z 271 corresponds to the 

loss of the two methyl groups and the hydroxymethyl group. The fragment ion with 

m/z 193 is formed by cleavage of the benzene ring. 
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Figure 49: LC-QTOF-MS/MS spectra for the peaks of interest observed for the THC 

metabolite 11-OH-THC, obtained with a) HLM assay, b) EC synthetic MP catalysts, c) 

fragmentation pattern for 11-OH-THC. 

Another hydroxylated product, 11-dihydroxy-THC, was found for the EC 

assay and for the synthetic MP catalysts. This metabolite has been reported before 

in the early 70s by Wall87 using an HLM assay, there has been no other report of 

finding it for the THC metabolism. For the EC assay, the proposed reaction 

mechanism involves oxidation of the methyl group at the position 9 and the 

oxidation of the cyclohexene ring, as shown in Figure 50.  

 

Figure 50: Reaction scheme of the EC redox transformation of THC to generate 11-

dihydroxy-THC. 
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The MS/MS spectra for 11-dihydroxy-THC ([M+H]+ with m/z 347) is shown 

in Figure 51. The fragment ion m/z 329 is formed by the loss of the hydroxyl group 

on the cyclohexene ring; the fragment ion m/z 271 corresponds to the loss of the 

two methyl groups, the hydroxyl group on the benzene ring and the hydroxymethyl 

group. The fragment ion with m/z 311 is formed by the loss of the hydroxyl group 

on the benzene ring, and the hydroxyl group on the cyclohexene ring. 

 

Figure 51: LC-QTOF-MS/MS spectra for the peaks of interest observed for the THC 

metabolite 11-dihydroxy-THC, obtained with a) EC assay, b) EC synthetic MP catalysts, 

c) fragmentation pattern for 11-dihydroxy-THC. 

In summary, results of the in vitro SM and RM assay studies revealed that 

the metabolites obtained with the three different in vitro systems exhibited a few 

common derivatives but also compounds unique to each system. In addition, major 

metabolites reported in vivo for each drug were also found with all three in vitro 

systems, i.e., NAPQI, HHMA, AMP, and 11-COOH-THC. With the aid of in silico 

predictions and the employment of alternative in vitro systems, several new 

metabolites were found.   
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The synthetic MP and EC assay systems appeared to generate a wider 

variety of metabolites, including stable and potentially reactive derivatives such as 

HFA, HPA, an imine derivative, a quinone derivative, 11-CHO-THC, and 

methylidene-THC. Some of the novel metabolites were also found with the HLM 

assay, showing that there are still new metabolites that to be found with the most 

used in vitro system. Results indicate that the use of all three in vitro systems may 

provide a more complete profile of potential Phase I oxidative SM and RM for a 

variety of drugs that may be targeted for analysis in forensic toxicological studies 

and that reveal possible adduct forming species. 

4.2. Task 2 – Assessment of adduct potential with peptides 

A primary goal of this study was to use in vitro systems to produce reactive 

metabolites of drugs of abuse and assess the capability of these reactive species 

to form adducts with reactive biological thiols that could be measured as long-term 

biomarkers of exposure for drugs of abuse. In Task 2, the capability of reactive 

drug metabolites to form adducts with GSH and Hb 93Cys was investigated. 

Additionally, the effectiveness of the in vitro assays for semi-preparative synthesis 

of peptide standards for a QqQ based screening method was explored.  

This part of the work was done using the HLM and the EC assays. It was 

decided to not move forward to this stage with the synthetic MPs, due to the harsh 

organic solvents present in the BMO kits. This study aimed to perform all 

metabolism in an aqueous ammonium bicarbonate buffer with physiological pH. 

The use of organic solvents in the trapping phase could cause the denaturing of 

the Hb 93Cys peptide which could impair its reactivity and use as a trapping agent. 
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4.2.1. GSH adduction studies 

Among the known reactive sites within protein structure, cysteine, lysine, 

and histidine represent the most reactive nucleophiles. The free thiol within 

glutathione is one of the most reactive biological nucleophiles known, allowing the 

molecule to intercept potentially harmful reactive electrophiles in vivo. In the initial 

part of this Task, drug adducts with GSH were detected via HLM assay using 

positive mode ionization for APAP, COC, and MDMA. Table 7 summarizes the 

MS/MS data collected for these drugs, and their MS/MS data is shown in Appendix 

3a-c. These results confirmed previous reported data using negative mode 

ionization, as indicated in Table 7. 

 

Table 7: Summary table of the MS/MS data collected for glutathione adducts obtained with 

the HLM assay. 

Drug Composition Adducted GSH 

[M+H]+ 

Mass error 

(ppm) 

Previously 

Reported 

APAP APAP + GSH - 2H 457.1393 1.53 Zhu et al. (2007)88  

COC COC + GSH + O 627.2331 -1.75 Schneider and 

DeCaprio (2013)8 

MDMA MDA + GSH 487.1863 -2.87 Meyer et al. 

(2014)2 

 

The objective of these experiments was to find additional GSH adducts that 

were not previously seen in the negative ionization mode studies. However, this 
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goal was not successful, as the adducts identified had already been previously 

reported in the literature. These experiments also showed that positive mode 

ionization is not ideal for the MS-based analysis of GSH adducts.  

Adduction studies with GSH were also done with the EC assay, and the 

summary of the results obtained for APAP and THC are shown in Table 8. For this 

study, a new electrode with a higher surface area was employed; a mesh Pt WE. 

This was done in order to have a higher rate of conversion of drug to RM and to 

provide a higher yield of adducts as well. The bulk electrolysis potential for APAP 

was +600 mV and for THC it was +450 mV. The optimal duration of the bulk 

electrolysis was determined to be 10 min for both drugs. 

 

Table 8: Summary table of the MS/MS data collected for GSH adducts obtained with the 

EC assay. 

Drug Composition Adducted GSH 

[M+H]+ 

Mass error 

(ppm) 

APAP GSH + APAP - 2H 455.1220 -4.8 

APAP GSH + APAP + O - 2H 471.1229 8.1 

THC GSH + 11-OH-THC - 2H 634.2858 8.5 

THC GSH + 11-COOH-THC -2H 650.2733 -3.1 

THC GSH + 11-COOH-THC + OH - 2H 666.2747 6.8 

 

Figure 52 shows the negative mode MS/MS obtained for the GSH adducts 

found with the EC assay. The fragment ions for the GSH + APAP - 2H adduct 

This resource was prepared by the author(s) using Federal funds provided by the U.S. 
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not 

necessarily reflect the official position or policies of the U.S. Department of Justice.



85 

included the molecular ion (m/z 455), five fragments specific to GSH (m/z 272, 

254, 210, 143, and 128), and a fragment corresponding to the drug moiety bound 

to the sulfur of GSH (m/z 182). A second APAP adduct was also found, GSH + 

APAP + O - 2H (m/z 471), and four fragments consistent with GSH modification 

(m/z 272, 210, 143, and 128) in addition to a fragment corresponding to the drug 

moiety bound to the sulfur of GSH (m/z 198). 

 

 

 

Figure 52: MS/MS data for the APAP GSH adducts obtained with the EC assay. The data 

are shown at 10 eV (top), 20 eV (middle), and 40 eV (bottom). Arrows point to relevant 

peaks. 
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Figure 53: MS/MS data for the THC GSH adducts obtained with the EC assay. The data 

are shown at 10 eV (top), 20 eV (middle), and 40 eV (bottom). Arrows point to relevant 

peaks. 
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Three THC adducts were found as shown in Figure 53. The first showed a 

[M-H]- ion at m/z 634, consistent with GSH + 11-OH-THC - 2H modification, a 

fragment specific to GSH was found at m/z 306. The second THC adduct had a 

[M-H]- ion at m/z 650, which is consistent with GSH + 11-COOH-THC -2H 

modification; two fragments specific to GSH were found at m/z 377 and 272. Lastly, 

the adduct GSH + 11-COOH-THC + OH - 2H exhibited a [M-H]- ion at m/z 666 and 

showed a drug-specific fragment at m/z 393. 

The results found for the EC assay with GSH adduction were consistent 

with the previously published work done by Gilliland and DeCaprio using HLM 

assay.24 These data demonstrate that the EC assay can be employed as an 

alternative to HLM assay for the generation of drug adducted peptides. However, 

the yields of such products are likely still too low to support use of EC to produce 

adducted GSH standards. 

4.2.2. Preliminary IAM adduction study 

In the next part of the study, the specific tryptic peptide containing the 

reactive 93Cys residue of β-globin (i.e., Hb 93Cys peptide) was custom 

synthesized and used as trapping agent in the in vitro assays. As a positive control, 

Hb 93Cys peptide with conversion of the thiol with a known alkylating agent was 

prepared by incubation with IAM, as described in the methodology section. This 

product was needed to confirm the ability of the data analysis to identify the exact 

location of an adduct within the peptide (i.e., confirm modification of the 93Cys). 

Samples were analyzed on the LC-QTOF-MS in FIA mode. Figure 54 shows the 
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MS spectrum of the control and adducted peptide. The observed mass differential 

of +91.4614 Da on the doubly charged peptide (at 802.8012 Da in Figure 54) is 

consistent with a single covalent modification of the 93Cys by IAM. However, the 

presence of unadducted peptide ion (at 771.3398 Da) indicates that the conversion 

by IAM was not stoichiometric.  

 

Figure 54: MS spectra of A) control and B) IAM adducted Hb 93Cys peptide. 

  

4.2.3. Targeted MS/MS analysis of the drug-peptide adducts 

The Hb 93Cys peptide was then utilized in the HLM assay as a trapping 

agent for RM of selected drugs. Theoretical covalent modifications for selected 

drugs and/or their metabolites were added as target ions to the BioConfirm 

software via Sequence Manager. MS/MS analysis was then performed to confirm 

3x10

0

1

2

3

4

5

6
7
1
1
.3

4
2
9

(M
+
2
H

)+
2

4
7
4
.5

6
3
4

(M
+
3
H

)+
3

1
4
2
1
.6

7
4
4

(M
+
H

)+

Counts vs. Mass-to-Charge (m/z)

500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400

3x10

0

1

2

3

4

7
1
1
.3

3
9
8

(M
+
2
H

)+
2

4
7
4
.5

6
1
2

(M
+
3
H

)+
3

8
0
2
.8

0
1
2

(M
+
C

2
H

4
IN

O
)+

2

Counts vs. Mass-to-Charge (m/z)

500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400

Hb peptide control

Hb peptide + IAM

This resource was prepared by the author(s) using Federal funds provided by the U.S. 
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not 

necessarily reflect the official position or policies of the U.S. Department of Justice.



89 

the location of the putative adducts at the Cys moiety. The summary of the results 

for APAP, cocaine, MDMA and METH are shown in Table 9.  

Table 9: MS/MS results for HLM metabolism of APAP, cocaine, and MDMA. 

Drug 
Molecular 

Ion (m/z) 
Composition Fragment Ions (m/z) Fragment Ions (ID) 

APAP 

1608.6776 
Hb peptide + APAP + 

K 

1412.6018, 1364.6195, 

1220.5347, 615.3101 
y11-H2O, c11, z9, y9

+2 

799.8614 
Hb peptide + NAPQI + 

OH + CH3 

920.3594, 792.3422, 

525.1634, 450.2489, 120.0797 
b9, y5, y3-NH3, a5, F 

515.9012 
Hb peptide + 1,4-

benzoquinone + OH 

600.1768, 534.7370, 

425.1125, 304.1009, 

110.0708, 86.0956 

x9
+2, y8

+2, y6-H2O+2, 

y4-H2O+2, H, L 

COC 801.9225 
Hb peptide + 

ecgonidine + CH3 

681.3525, 516.2908, 

403.2036, 221.1280, 120.0799 

y4, y12
+3, y9-H2O+3, 

y4-H2O+3, F 

MDMA 

1600.7676 
Hb peptide + HHA + H 

+ CH3 

1263.6065, 1099.5070, 

615.2769, 302.0356 

x9, y9-H2O, y9
+2, y6-

NH3
+3 

539.5802 

Hb peptide + 

Aminochrome + O + 

OH 

647.2571, 504.1562, 

414.1393, 362.1625, 110.0708 

y10- NH3
+2, y7-H2O+2, 

y9
+3, x4

+2, H 

METH 784.8806 
Hb peptide + 

methcathinone 

718.3388, 641.2211, 

544.6038, 479.2164, 

348.0664, 129.0990 

x11
+2, a11

+2, y8
+2, 

x11
+3, a4, K 

 

Three peptide modifications were found for APAP and their MS/MS spectra 

can be seen in Figure 55. The first drug-peptide adduct found with APAP exhibited 

a mass differential of m/z +188.0108 and was consistent with the addition of APAP 
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at 93Cys plus K+ ion. With further analysis by Protein Prospector, four diagnostic 

fragment ions were found, being that y11-H2O, c11, z9 and y9
+2 contained the 

adducted thiol. 

 

 

 

Figure 55: QTOF MS/MS spectra of Hb β93Cys peptide modified by APAP obtained with 

the HLM trapping assay, A) Hb peptide + APAP + K,  B) Hb peptide + NAPQI + OH + CH3, 

and C) Hb peptide + 1,4-benzoquinone + OH. 

The second modification exhibited a mass differential of m/z +177.0426, 

consistent with a NAPQI modification at 93Cys, a hydroxylation at 95Lys, and a 

methylation at 92His. Two characteristic fragments were found (y5 and y3-H2O) that 

contained the adducted thiol. The third adduct found with APAP exhibited a mass 
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differential of m/z +124.0160, identified as a 1,4-benzoquinone modification at 

93Cys and a hydroxylation at 95Lys. Four diagnostic fragments were found (x9
+2, 

y8
+2, y6-H2O, and y4-H2O) that contained the adducted thiol. 

 

 

Figure 56: QTOF MS/MS spectra of Hb β93Cys peptide modified by APAP obtained with 

the HLM trapping assay, A) Hb peptide + ecgonidine + CH3, B) Hb peptide + HHA + H + 

CH3, C) Hb peptide + Aminochrome + O + OH, D) Hb peptide + methcathinone. 
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For cocaine, one drug-peptide adduct was found, with a mass differential of 

m/z +178.0868, consistent with an ecgonidine modification at 93Cys and a 

methylation at 95Lys. Three diagnostic fragments of the adducted Hb molecule 

were found (y4, y9-H2O+3, y4-H2O+3) that contained the adducted thiol as shown in 

Figure 56A.  

For MDMA, two drug-peptide adducts were found, the first with a mass 

differential of m/z +179.0946 consisting of an HHA modification at 93Cys and a 

methylation at 95Lys as seen in Figure 56B. Four diagnostic fragments were found 

(x9, y9-H2O, y9
+2, y6-NH3

+3) that contained the adducted thiol. The second peptide 

adduct exhibited a mass differential of m/z +195.0532 consistent with an 

aminochrome plus oxygen modification at 93Cys and a hydroxylation at 95Lys as 

seen in Figure 56C. Four diagnostic fragments were found (y10-NH3
+2, y7-H2O+2, 

x4
+2 and y9

+3) that contained the adducted thiol. 

For METH, one drug-peptide adduct was found, with a mass differential of 

m/z +147.0809 consisting of a methcathinone modification at 93Cys as seen in 

Figure 56D. Four diagnostic fragments were found, (x11
+2, a11

+2, y8
+2, x11

+3) that 

contained the adducted thiol. The in vitro enzymatic metabolism was also 

performed for THC; however, no peptide adducts were detected. 

EC trapping assay MS/MS results for the Hb 93Cys peptide treated with 

APAP, COC, MDMA, METH, and THC are shown in Table 10. Three peptide 

adducts were found with APAP and their MS/MS spectra can be seen in Figure 57.  
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Table 10: MS/MS data for Hb 93Cys peptide adducts observed with the EC oxidation of 

APAP, cocaine, and THC. 

Drug 

Molecular 

Ion (m/z) Composition Fragment Ions (m/z) Fragment Ions (ID) 

APAP 

1570.7206 
Hb peptide + 

APAP 

982.3930, 875.3585, 

514.2050, 373.2259, 277.1282 

y7, y6-H2O, y3, y5-

H2O, a3 

793.8614 
Hb peptide + 

APAP + OH 

706.8351, 573.3008, 

460.2171, 377.1816, 

288.1333, 262.1353, 147.1118 

a12
+2, b6-H2O, b5-

H2O, b4, b3-H2O, y2, 

y1 

1569.7128 
Hb peptide + 

NAPQI 

1425.6047, 1310.5825, 

1058.5241, 765.3285, 

390.1187, 288.1302 

b12, b11, b10, y5, y9-

H2O+3, b3-H2O 

COC 534.9326 

Hb peptide + 

ecgonidine + 

CH3 

1012.4773, 796.3858, 

454.7086, 120.0796 
y7, y5, y6-NH3

+2, F 

MDMA 1614.7977 
Hb peptide + 

MDMA 
769.4709, 620.5840, 457.6662 

y12-H2O+2, y9
+2, b5-

H2O 

METH 529.9148 

Hb peptide + 

benzoic acid + 

OH + CH3 

488.9085, 393.1924, 344.0709 y7-H2O+2, y5
+2, x4

+2 

THC 882.4317 
Hb peptide + 11-

CHO-THC + OH 

874.4270, 573.2977, 

377.1789, 288.1344  

[M+2H]+2, b6-H2O, 

b4, b3-H2O 

 

The first drug-peptide found for APAP exhibited a mass differential of m/z 

+149.0477, consistent with addition of APAP at 93Cys. Protein Prospector analysis 
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indicated four diagnostic fragments (y7, y6-H2O, y3, and y5-H2O) that contained the 

adducted thiol. The second drug-peptide adduct found for APAP exhibited a mass 

differential of m/z +165.0426, characteristic of addition of APAP at 93Cys, and 

hydroxylation at 95Lys. A single diagnostic fragment (a12
+2) that contained the 

adducted thiol was noted. The third adduct found with APAP exhibited a mass 

differential of m/z +164.0348, corresponding to a NAPQI modification at 93Cys and 

a hydroxylation at 95Lys. Four diagnostic fragments (b12, b11,  y5 and y9-H2O+3) that 

contained the adducted thiol were identified. 

 

 

 

Figure 57: QTOF MS/MS spectra of Hb β93Cys peptide modified by APAP obtained with 

the EC trapping assay, A) Hb peptide + APAP,  B) Hb peptide + APAP + OH, and C) Hb 

peptide + NAPQI. 
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For cocaine, a single modified peptide species was found, with a mass 

differential of m/z +193.1103, consistent with addition of an ecgonidine moiety at 

93Cys and a methylation at 95Lys. Three diagnostic fragments (y12-H2O+2, y9
+2, and 

b5-H2O) that contained the adducted thiol were identified.  

 

 

 

 

Figure 58: QTOF MS/MS spectra of Hb β93Cys peptide modified by COC, MDMA, METH 

and THC obtained with the EC trapping assay, A) Hb peptide + ecgonidine + CH3,  B) Hb 

peptide + MDMA, C) Hb peptide + benzoic acid + OH + CH3 and D) Hb peptide + 11-CHO-

THC + OH. 
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A single modified peptide species was found for METH, with a mass 

differential of m/z +150.0317, consistent with addition of a benzoic acid moiety at 

93Cys, a hydroxylation at 95Lys, and a methylation at 92His. Three diagnostic 

fragments (y7-H2O+2, y5
+2, and x4

+2) that contained the modified thiol were found.  

For THC, a single modified peptide species was found, with a mass 

differential of m/z +342.1831, consistent with addition of a 11-CHO-THC moiety at 

93Cys and hydroxylation at 95Lys. Three diagnostic fragments (b6-H2O, b4, b3-H2O) 

were found. 

In both the HLM and EC studies, the yield of drug adducted Hb 93Cys 

peptide was generally low and inadequate for use as a semi-preparative method. 

This was surprising in view of the demonstrated high reactivity of the Hb 93Cys 

moiety in the intact protein. Consequently, a computer analysis was performed on 

the Hb β93Cys peptide using the VMD software developed by the University of 

Illinois at Urbana–Champaign. The VMD software is used to visualize, model, and 

analyze biological systems such as proteins, peptides, nucleic acids, lipid bilayer 

assemblies, and so on. It offers numerous methods for rendering and coloring a 

molecule, including simple points and lines, spheres and cylinders, licorice bonds, 

backbone tubes and ribbons, cartoon drawings, and others. VMD can be used to 

generate a molecule’s 3D conformation and show the interactions within the 

molecule such as hydrogen bonds to determine its reactivity.  

The Licorice representation of Hb β93Cys peptide is shown in Figure 57 and 

was to examine the intramolecular interactions present in the isolated peptide that 

This resource was prepared by the author(s) using Federal funds provided by the U.S. 
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not 

necessarily reflect the official position or policies of the U.S. Department of Justice.



97 

could influence the reactivity of the 93Cys thiol. The thiol moiety is represented by 

the color yellow in the Licorice representation, and as can be seen in the Figure, 

its spatial conformation is in close proximity to a neighboring serine hydroxyl group. 

This can help account for the relatively low reactivity observed for the isolated 

peptide, since the thiol could be tied up in intramolecular H-bonding with this serine 

and thus be less reactive to an exogenous electrophile. In contrast, the Hb 93Cys 

present in the native protein would have no such restriction to electrophilic attack.  

 

Figure 59: Licorice representation of Hb β93Cys peptide generated with the Visual 

Molecular Dynamics (VMD) software. 

In summary, results of the Task 2 in vitro trapping assay studies with GSH 

and the Hb 93Cys peptide revealed that both HLM and EC oxidation assays can 

be effectively employed to identify thiol modifications formed by RM of drugs of 

abuse. However, yields of such products are too low to support use of these assays 
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for synthesis of adducted peptide standards, Nevertheless, the demonstrated 

ability of the selected drugs to covalently modify the β-Hb peptide containing the 

reactive β93Cys suggests that such modifications could be monitored as an 

alternative to clinical and forensic hair analysis for retrospective exposure 

assessment. 

4.3. Task 3 – Development of an MRM method for adducted peptide screening 

For screening of in vitro modified Hb 93Cys peptide, and ultimately, proteins 

obtained from authentic blood specimens, an MRM LC-QqQ-MS method is 

needed. Several techniques for global profiling of Cys thiol adducts and for 

confirming specific protein modifications have been developed over the past 

decade32,33. In this method, data generated during the in vitro trapping experiments 

and QTOF-MS analysis for each drug/peptide combination was utilized for 

preliminary studies on an MRM based detection method. For each identified 

drug/peptide adduct, two precursor/product ion pairs were selected as targeted 

MRM transitions for confirmation of a specific adduct in the Hb β93Cys peptide. 

Selection was done based on ion intensities and reproducibility in repeated 

experiments. Based on our proof-of-concept data and previous work with other 

reactive metabolites25 and on other published studies34, these included b2 and y2 

type ions.  

Agilent MassHunter Optimizer software was used in order to identify the 

transitions, associated collision energy, and optimal fragmentor voltage for each 

of the Hb 93Cys peptide adducts found in Task 2. The abundance of the data 

acquired from the HLM assay was insufficient to be seen in the LRMS instrument. 
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However, a few drug-Hb 93Cys peptide adducts obtained with the EC assay were 

successfully detected and two transitions were found with the dMRM method. The 

Optimizer summary table for the experimental conditions found for the detected 

adducts are shown in Appendix 4.  Results for APAP, MDMA, and THC are shown 

in Table 11 and Figure 58.  

Table 11: MRM data for Hb 93Cys peptide adducts observed with the electrochemical 

oxidation of APAP, MDMA, and THC. 

Drug 

Molecular 

Ion (m/z) Composition Fragments (m/z) Fragments (ID) 

APAP 

785.9 Peptide + APAP - H 110.1; 807.4 H; b8 

764.3 
Peptide + 1,4-

Benzoquinone - H 
120.1; 789.4 F; b8-H2O 

MDMA 801.9 
Peptide + HHA + H + 

CH2 
721.8; 830.0 b12

+2; y8-H2O+2 

THC 588.6 
Peptide + 11-CHO-

THC - H + OH 
573.3; 866.4  b6-H2O, MH-H2O+2 

 

Two peptide adducts were found with APAP. The first exhibited a mass 

differential of m/z +149, consistent with addition of APAP and loss of H. Two 

transitions were found with the MRM study for this adduct (H and b8). The second 

adduct found with APAP exhibited a mass differential of m/z +109, corresponding 

to a 1,4-benzoquinone modification on 93Cys, and two diagnostic fragments (F and 

b8-H2O) were found. 
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Figure 60: MRM spectra of Hb β93Cys peptide modified by APAP (A-B), MDMA (B), and 

THC (D) obtained with the electrochemical trapping assay. 

For MDMA, one peptide adduct was found, the first with a mass differential 

of m/z +179 consistent with an HHA modification 93Cys and a methylation on 95Lys. 

Two diagnostic fragments were found (b12
+2; y8-H2O+2) and the y8 fragment 
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contains the adducted thiol. Lastly, for THC, a single modified peptide species was 

found, with a mass differential of m/z +342, consistent with addition of a 11-CHO-

THC moiety on 93Cys and hydroxylation on 95Lys. Two diagnostic fragments (b6-

H2O, MH-H2O+2) were found. 

In summary, results for Task 3 showed that the adducted peptide products 

formed in the EC assay can be detected using an LRMS LC-QqQ-MS MRM 

method. The original goal was to adapt a method developed by Osaki et al.11, 

which consists of populating a master table of MS ∆ m/z shift values associated 

with the peptide precursor ion (e.g., [Hb β93Cys M+∆+nH]n+ ion) and multiple 

corresponding product ions (e.g., bn+∆ and yn+∆ ions). However, to be able to use 

the Osaki method there needs to be an identification of the major adduct for each 

drug. While some adducts were detected, they were at low abundance and 

adducts were not detected for some drugs. 

Consequently, additional work will be required to develop a reliable LRMS 

method for Hb adduct detection. Specifically, major Hb β93Cys adducts for each 

drug need to be identified, followed by synthesis of corresponding adducted 

peptide standards. This could be achieved by further development of the EC 

assay. Furthermore, an enrichment assay needs to be employed after the 

adduction has been performed to concentrate the adducted peptides and eliminate 

the unadducted forms. Such an enrichment assay is currently being developed in 

the DeCaprio Laboratory. 

SUMMARY AND PROSPECT 
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The goal of this research was to investigate the metabolism of drugs of 

abuse using three different in vitro systems, and to assess the potential for the 

metabolites generated to form adducts with thiol containing peptides. This was 

accomplished through a series of steps, the optimization and application of the 

three in vitro systems: HLM assay, EC assay and synthetic MP catalysts. This work 

successfully compiled a list of the metabolites obtained with each method and 

compared them. This work also identified and characterized 18 metabolites for the 

drugs of interest, five of which were novel. Although structural determination was 

not a focus of this research, plausible structures were proposed for the novel 

metabolites. By comparing all three in vitro systems, it is possible to have a more 

complete understanding of the metabolism that occurs in vivo. 

This research was also able to successfully collect HRMS and MS/MS data 

for four GSH adducts and eleven Hb β93Cys adducts formed by the drugs of 

interest, thus confirming the adduction by APAP, COC, MDMA and THC. This work 

has a wide range of potential applications in the field of forensics. Hair analysis is 

currently the only method available for long-term detection of illicit drug use. 

However, hair analysis faces methodological and interpretive challenges, and the 

mechanisms by which most drugs incorporate into hair are not well understood. 

Furthermore, current blood and urine biomarkers are removed from the body after 

only a few days, limiting the detection window for many drugs of abuse. Peptide 

adducts derived from adducted Hb may be used as long-term biomarkers of 

exposure to supplement existing analytical methods to ensure complete detection 

of drugs of abuse. Because all of the identified peptide adducts are specific to 
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individual drugs, based on the MS/MS data collected for an individual's sample it 

may be possible to confirm not only the class of drugs consumed, but also the 

exact drug consumed. Long-term biomarkers of exposure are a favorable and 

effective application of protein adducts formed by drugs of abuse due to their 

specificity and overall stability. 
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APPENDICES 

Appendix 1. Summary of the FIA data obtained for the synthetic MP assay using 

the screening and optimization BMO kits. 

a) FIA data for the screening BMO kit with APAP; best condition is shown in red. 

Solvent 1 - APAP Solvent 2 - APAP 

Condition Positive mode m/z Condition Positive mode m/z 

A1 152.0712 A1 152.0710; 301.1191 

A2 152.0709 A2 152.0705; 301.1180 

A3 152.0707; 301.1181 A3 152.0707; 301.1185 

A4 152.0707 A4 152.071 

A5 152.0708 A5 152.0710; 301.1189 

A6 150.0551; 301.1186 A6 152.0709 

B1 152.0712 B1 152.0705; 301.1188 

B2 - B2 152.0710; 301.1178 

B3 - B3 152.0704; 301.1175 

B4 152.0707 B4 152.071 

B5 - B5 152.071 

B6 - B6 - 

C1 152.0705; 301.1195 C1 152.0710; 301.1177 

C2 - C2 150.0551 

C3 - C3 - 

D1 152.0710; 301.1190 D1 152.0708; 301.1185 

D2 152.0712; 301.1178 D2 152.0712; 301.1186 

D3 152.0706; 301.1186 D3 152.0705; 301.1177 

D4 152.0711 D4 152.0707; 301.1185 

E1 152.0707; 301.1184 E1 152.0710; 301.1187 

E2 152.0710; 301.1185 E2 152.0709; 301.1185 

E3 152.0706 E3 152.0702 

F1 152.0712 F1 152.0709 

F2 152.0713 F2 152.0706 

F3 152.0711 F3 152.0708 
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b) FIA data for the screening BMO kit with MDMA; best condition is shown in red. 

Solvent 1 Solvent 2 

Condition Positive mode m/z Condition Positive mode m/z 

A1 194.1170; 196.1233 A1 194.1172; 196.1235 

A2 
179.0883; 180.0984; 182. 
1165; 194.1163; 196.1209 

A2 194.1171; 196.1229 

A3 194.1169; 196.1228 A3 194.117; 196.1229 

A4 194.1170; 196.1234 A4 194.1170; 196.1232 

A5 
168.1019; 179.0892; 
180.1005; 182.1175; 
194.1175; 196.1228 

A5 
168.1015; 194.1169; 

196.1230 

A6 168.1010; 194.1169; 196.1195 A6 194.1169; 196.1231 

B1 194.1171; 196.1229 B1 194.1170; 196.1231 

B2 
168.1012; 182.1166; 194.1169; 

196.0967 
B2 

168.1011; 180.0980; 
182.1168; 194.1169; 

196.1214 

B3 194.1171; 196.1194 B3 
182.1170; 194.1168; 

196.1226 

B4 194.1170; 196.1230 B4 194.1167; 196.1227 

B5 
179.0911; 180.1035; 182.1188; 

194.1192; 196.1218 
B5 

168.1018; 180.1018; 
182.1181; 194.1177; 

196.1209 

B6 194.1169; 196.1107 B6 
180.1013; 182.1161; 
194.1168; 196.1219 

C1 194.1170; 196.1233 C1 194.1171; 196.1230 

C2 
168.1018; 182.1179; 194.1175; 

196.0983 
C2 

168.1013; 194.1168; 
196.1205 

C3 182.1188; 194.1170;196.1220 C3 194.1169; 196.1225 

D1 166.1075; 196.1171; 196.1233 D1 
180.1011; 194.1164; 

196.1106 

D2 
180.1015; 182.1172; 194.1170; 

196.0987 
D2 

180.1011; 194.1160; 
196.1209 

D3 
180.1022; 182.1185; 194.1181; 

196.1240 
D3 

180.0994; 194.1151; 
196.1210 

D4 166.1065; 194.1170; 196.1234 D4 
166.1064; 180.1007; 
194.1165; 196.1224 

E1 194.1167; 196.1228 E1 194.1171; 196.1238 

E2 194.1167; 196.1228 E2 194.1168; 196.1227 

E3 194.1167; 196.1229 E3 194.1166; 196.1225 

F1 194.1169; 196.1229 F1 194.1182; 196.1241 

F2 194.1169; 196.1228 F2 194.1185; 196.1246 

F3 194.1170; 196.1233 F3 194.1181; 196.1243 
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c) FIA data for the screening BMO kit with METH; best condition is shown in red. 

Solvent 1 Solvent 2 

Condition Positive mode m/z Condition Positive mode m/z 

A1 
136.1119; 150.1277, 

152.1346 
A1 

136.1125; 150.1277; 152. 
1343; 166.1246 

A2 
136.1117; 150.1276; 

152.1344 
A2 

136.1117; 150.1276; 
152.1341; 166.1232 

A3 150.1278; 152.1343 A3 
136.1129; 150.1276; 
152.1344; 166.1236 

A4 
136.1111; 150. 1277; 

152.1349 
A4 

136.1131; 150.1275; 
152.1342 

A5 
136.112828; 150.1278; 

152.1347 
A5 

136.1132; 150.1275; 
152.1343; 166.1233 

A6 150.1278; 152.1347 A6 
136.1121; 150.1274; 
152.1345; 166.1224 

B1 
136.1113; 150.1278; 

152.1344 
B1 

136.1118; 150.1276; 
152.1344 

B2 
150.1277; 152.1348; 

166.1498 
B2 

136.1113; 150.1276; 
152.1342; 166.1219 

B3 
150.1280; 152.1348; 

166.1460 
B3 

136.1115; 150.1276; 
152.1343 

B4 
136.1125; 150.1278; 

152.1347 
B4 

136.1124; 150.1276; 
152.1343 

B5 
150.1278; 152.1344; 

166.1503 
B5 

136.1119; 150.1275; 
152.1342 

B6 
166.1500; 150.1278; 

152.1347 
B6 

136.1110; 150.1273; 
152.1338 

C1 
136.1106; 150.1279; 

152.1346 
C1 

136.1117; 150.1276; 
152.1344 

C2 
136.1121; 150.1278; 152. 

1344 
C2 

136.1123; 150.1274; 
152.1345 

C3 
136.1138; 150.1278; 

152.1346 
C3 150. 1274; 152.1341 

D1 
136.1124; 150.1278; 
152.1346; 166.1217 

D1 
136.1119; 150.1275; 

152.1343 

D2 150.1278; 152.1344 D2 
136.1120; 150.1275; 

152.2478 

D3 
150.1277; 152.1345; 

166.1234 
D3 

136.1121; 150.1275; 
152.1340 

D4 
150.1278; 152.1347; 

166.1240 
D4 

136.1111; 150.1276; 
152.1345 

E1 
136.1126; 150.1274; 

152.1346 
E1 

136.1121; 150.1272; 
152.1338; 168.0211 

E2 
136.1116; 150.1275; 

152.1340 
E2 

136.1121; 150.1273; 
152.1338 
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E3 
136.1128; 150.1274; 

152.1350 
E3 

136.1118; 150.1273; 
152.1333; 168.0207 

F1 
150.1275; 152.1338; 

168.0197 
F1 

150.1274; 152.1338; 
168.0202 

F2 150.1276; 168.0197 F2 
150.1274; 152.1347; 

168.0201 

F3 
150.1274; 152. 1339; 

168.0197 
F3 150.1277; 168.0196 
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d) FIA data for the screening BMO kit with THC; best condition is shown in red. 

Solvent 1 - METH Solvent 2 - METH 

Condition Positive mode m/z Condition Positive mode m/z 

A1 - A1 313.2156; 329.2099 

A2 329.2117 A2 315.2314; 329.2126 

A3 329.2113 A3 
313.2165; 315.2316; 

329.2119 

A4 
313.2150; 315.2310; 
329.2111; 345.2044 

A4 
313.2140; 315.2290; 
329.2095; 345.2052 

A5 329.2092; 345.2046 A5 329.2109 

A6 329.2111 A6 329.2129 

B1 313.2165 B1 
313.2147; 315.2290; 
329.2092; 345.2043 

B2 345.2037 B2 313.2167; 329.2116 

B3 329.2078 B3 313.2158; 329.2108 

B4 313.2167 B4 
313.2170; 315.2328; 
329.2122; 345.2053 

B5 329.2091 B5 345.2049 

B6 329.2085 B6 345.2038 

C1 
313.2150; 315.2321; 
329.2123; 345.2049 

C1 
313.2133; 315.2286; 

329.2094 

C2 313.2171; 329.2123 C2 329.2091; 345.2046 

C3 313.2178; 329.2138 C3 329.2115; 345.2055 

D1 
329.2108; 331.2247; 

345.2059 
D1 

329.2092; 331.2237; 
345.2036 

D2 329.2141 D2 
329.2119; 331.2254; 

345.2060 

D3 - D3 329.2111; 345.2057 

D4 
313.2152; 329.2102; 
331.2256; 345.2055 

D4 
313.2157; 329.2106; 
331.2261; 345.2252 

E1 
313.2185; 315.2362; 
329.2155; 345.2127 

E1 
313.2125; 315.2295; 
329.2077; 345.2028 

E2 313.2114 E2 
313.2151; 315.2309; 

329.2094 

E3 313.2137; 315.2292 E3 
313.2144; 315.2312; 

329.2095 

F1 315.2313; 329.2112 F1 
315.2297; 329.2092; 

345.2036 

F2 
313.2141; 315.2317; 

329.2110 
F2 315.2296; 329.2102 

F3 315.2312; 329.2115 F3 
315.2324; 329.2118; 

345.2063 

 

This resource was prepared by the author(s) using Federal funds provided by the U.S. 
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not 

necessarily reflect the official position or policies of the U.S. Department of Justice.



118 

e) FIA data for the optimization BMO kit with APAP; best condition is shown in red. 

Optimization kit 

Condition Positive mode m/z 

A1 110.0599; 150.0543; 301.1180 

A2 150.0549; 301.1181 

A3 150.0550; 301.1181 

A4 150.0553; 301.1177 

A5 110.0531; 150.0550; 301.1185 

A6 150.0553; 301.1173 

A7 150.0548; 301.1187 

A8 150.0551; 301.1174 

A9 150.0547; 301.1187 

A10 150.0547; 301.1182 

A11 150.0553; 301.1175 

A12 150.0550; 301.1184 

 

f) FIA data for the optimization BMO kit with MDMA; best condition is shown in red. 

Optimization kit 

Condition Positive mode m/z 

A1 181.0132; 194.1170; 196.1227 

A2 182.1168; 194.1190; 210.1125; 226.1090 

A3 179.0887; 182.1172; 194.1194; 210.1121; 226.1081 

A4 182.1171; 194.1192; 210.1115; 226.1072 

A5 168.1023; 182.1182; 194.1192; 210.1121; 226.1094 

A6 168.1017; 182.1175; 194.1193; 210.1118; 226.1079 

A7 168.1009; 182.1172; 194.1192; 210.1111; 226.1077 

A8 182.1184; 194.0965; 210.1124; 226.1084 

A9 182.1166; 194.1193; 210.1123; 226.1087 

A10 194.1191; 210.1135 

A11 194.1191 

A12 168.1028; 182.1181; 194.1195; 210.1123 
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g) FIA data for the optimization BMO kit with METH; best condition is shown in red. 

Optimization kit 

Condition Positive mode m/z 

A1 150.1284 

A2 150.1276; 166.1252 

A3 150.1278; 164.1072; 166.1222 

A4 150. 1277; 166.1220 

A5 150.1278; 166.1230 

A6 150.1278; 166.1212 

A7 136.1105; 150.1278; 164.1065; 166.1220 

A8 150.1277; 166.1245 

A9 150.1280; 166.1232 

A10 136.1137; 150.1278; 164.1057; 166.1221 

A11 136.1118; 150.1278; 164.1064; 166.1219 

A12 150.1278; 166.1226 

 

h) FIA data for the optimization BMO kit with THC; best condition is shown in red. 

Optimization kit 

Condition Positive mode m/z 

A1 313.2175; 329.2109; 331.2261; 345.2067; 347.2213 

A2 313.2166; 329.2112; 331.2268; 345.2067; 347.2219 

A3 313.2160; 329.2107; 331.2267; 345.2062; 347.2209; 373.2377 

A4 313.2166; 329.2103; 331.2261; 345.2055; 347.2215; 373.2375 

A5 313.2168; 329.2109; 331.2260; 345.2064; 347.2211 

A6 313.2169; 329.2113; 331.2265; 345.2074; 347.2218 

A7 313.2173; 329.2104; 331.2283; 345.2062; 347.2214; 373.2357 

A8 313.2164; 329.2101; 331.2254; 345.2066; 347.2211; 373.2344 

A9 313.2167; 329.2100; 331.2265; 345.2065; 347.2211 

A10 313.2166; 329.2106; 331.2263; 345.2070; 347.2210; 373.2271 

A11 313.2158; 329.2114; 331.2270; 345.2061; 347.2211 

A12 313.2159; 329.2104; 345.2067; 347.2212 
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Appendix 2. XIC data for the minor metabolites of MDMA, METH and THC 

generated with the three in vitro methods.  

a) XIC spectra for HFA obtained with the three methods. 

 

 

 

b) XIC spectra for HHA obtained with the HLM assay.
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c) XIC spectra for the quinone derivative obtained with the EC assay. 

 

 

d) XIC spectra for HPA obtained with the synthetic metalloporphyrin catalysts. 

 

 

e) XIC spectra for N-OH-METH obtained with the HLM assay and EC assay. 
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f) XIC spectra for N-OH-AMP obtained with the in vitro enzymatic assay. 

  

 

g) XIC spectra for the imine derivative obtained with the EC assay. 

  

 

h) XIC spectra for p-OH-METH obtained with the synthetic metalloporphyrin 

catalysts. 
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i) XIC spectra for methylidene-THC obtained with the three methods. 

 

 

j) XIC spectra for 11-OH-THC obtained with the HLM assay and synthetic 

metalloporphyrin catalysts. 
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k) XIC spectra for dihydroxy-THC obtained with the synthetic metalloporphyrin 

catalysts and EC assay. 
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Appendix 3: MS/MS data for the found GSH adducts with the CID shown at 10 

eV (top), 20 eV (middle), and 40 eV (bottom) for each drug. 

a) MS/MS data for the GSH adduct found with APAP. 

 

 

b) MS/MS data for the GSH adduct found with COC. 
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c) MS/MS data for the GSH adduct found with MDMA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4x10

0

1

2
487.1847

358.1426

130.0493 214.0903 256.091558.0658 310.0770 437.9638

4x10

0

0.5

1

358.1429

487.1849

214.0883130.0493 310.0793256.093158.0647 381.1072 440.1255

3x10

0

1

2

3
181.0300130.049158.0654

309.0882155.014130.0338 358.1429257.0787

Counts vs. Mass-to-Charge (m/z)

20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500

20 V

40 V

10 V

This resource was prepared by the author(s) using Federal funds provided by the U.S. 
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not 

necessarily reflect the official position or policies of the U.S. Department of Justice.



127 

Appendix 4: Summary of Optimizer experimental conditions found for the detected 

adducts with the EC assay. 

Adduct Precursor 

Ion 

Product 

Ion 

Fragmentor CE Abundance 

Peptide + APAP - H 785.9 110.1 205 68 14161 

Peptide + APAP - H 785.9 807.4 205 68 7645 

Peptide + 1,4-

Benzoquinone - H 

764.3 120.1 192 60 771 

Peptide + 1,4-

Benzoquinone - H 

764.3 789.4 192 60 72 

Peptide + HHA + H 

+ CH2 

801.9 721.8 99 12 107 

Peptide + HHA + H 

+ CH2 

801.9 330.0 99 8 69 

Peptide + 11-CHO-

THC - H + OH 

588.6 573.3 129 8 247 

Peptide + 11-CHO-

THC - H + OH 

588.6 866.4 129 12 53 
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	Figure 56: QTOF MS/MS spectra of Hb β93Cys peptide modified by APAP obtained with the HLM trapping assay, A) Hb peptide + ecgonidine + CH3, B) 
	Hb peptide + HHA + H + CH3, C) Hb peptide + Aminochrome + O + OH, D) Hb peptide + methcathinone. ................................................................................... 
	Hb peptide + HHA + H + CH3, C) Hb peptide + Aminochrome + O + OH, D) Hb peptide + methcathinone. ................................................................................... 
	91
	 

	 
	Figure 57: QTOF MS/MS spectra of Hb β93Cys peptide modified by APAP obtained with the EC trapping assay, A) Hb peptide + APAP,  B) Hb peptide + APAP + OH, and C) Hb peptide + NAPQI. ......................................................... 
	Figure 57: QTOF MS/MS spectra of Hb β93Cys peptide modified by APAP obtained with the EC trapping assay, A) Hb peptide + APAP,  B) Hb peptide + APAP + OH, and C) Hb peptide + NAPQI. ......................................................... 
	94
	 

	 
	Figure 58: QTOF MS/MS spectra of Hb β93Cys peptide modified by COC, MDMA, METH and THC obtained with the EC trapping assay, A) Hb peptide + ecgonidine + CH3,  B) Hb peptide + MDMA, C) Hb peptide + benzoic acid + OH + CH3 and D) Hb peptide + 11-CHO-THC + OH. ......................................... 
	Figure 58: QTOF MS/MS spectra of Hb β93Cys peptide modified by COC, MDMA, METH and THC obtained with the EC trapping assay, A) Hb peptide + ecgonidine + CH3,  B) Hb peptide + MDMA, C) Hb peptide + benzoic acid + OH + CH3 and D) Hb peptide + 11-CHO-THC + OH. ......................................... 
	95
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	ABRREVIATIONS AND ACRONYMS 
	 
	APAP   Acetaminophen 
	CE  Counter electrode  
	COC   Cocaine 
	CSA   Controlled Substances Act 
	CV  Cyclic voltammetry 
	CYP   Cytochrome P450 enzymes 
	Cys   Cysteine 
	DEA  Drug Enforcement Administration 
	EC   Electrochemical  
	ESI   Electrospray ionization 
	FIA  Flow injection analysis 
	G6P   Glucose-6-phosphate 
	G6PD  Glucose-6-phosphate dehydrogenase 
	GSH  Glutathione  
	Hb  Hemoglobin  
	HLM   Human liver microsomes 
	HRMS  High resolution mass spectrometry 
	IAM  Iodoacetamide 
	LC   Liquid chromatography 
	m/z   Mass-to-charge ratio 
	MDMA  Methylenedioxymethamphetamine 
	METH  Methamphetamine 
	MP   Metalloporphyrin 
	MRM   Multiple reaction monitoring 
	MS   Mass spectrometry 
	MS/MS  Tandem mass spectrometry 
	NADPH  β-nicotinamide adenine dinucleotide phosphate 
	NAPQI  N-acetyl-p-benzoquinone imine 
	RE  Reference electrode 
	RM  Reactive metabolites  
	SCE  Saturated calomel electrode 
	SM  Stable metabolites 
	PA  Pyrrolizidine alkaloids 
	QqQ   Triple quadrupole 
	QTOF  Quadrupole time-of-flight 
	THC   Δ9-tetrahydrocannabinol 
	TOF   Time-of-flight 
	VMD  Visual Molecular Dynamics 
	WE  Working electrode 
	XIC   Extracted ion chromatogram 
	1. INTRODUCTION 
	1.1. Statement of the Problem 
	The detection and confirmation of human exposure to drugs typically relies on the measurement of parent compounds or specific metabolites in blood, urine, or an alternative matrix.1 This “biomonitoring” approach is widely employed for forensic toxicological applications and has been standardized for many xenobiotics.2, 3 However, except for highly lipophilic compounds, most drugs and their metabolites are cleared from these matrices within a week. As a result, blood or urine measurements alone generally can
	Assessment of long term drug use or exposure is limited to analysis of hair nowadays, for which numerous methods and a large literature database exists.4-6 Although widely used for this purpose, hair analysis presents many challenges, such as external contamination, interindividual differences, and difficult processing.7 An alternative to hair analysis is the measurement of covalent binding of drugs to proteins and/or peptides, such as hemoglobin (Hb), and glutathione (GSH) to form drug-protein/peptide “add
	measurement of parent compound or a metabolite in blood.8 While often used in biomonitoring assessment for environmental and occupational chemicals, applications of protein adducts as markers of illicit drug exposure are virtually nonexistent.9, 10  
	1.2. Significance of Study 
	The development of a robust protein adduct based biomarker assay for drugs of abuse could allow for exposure assessment of these compounds over a much longer detection window than is currently possible in blood while providing an alternative or complement to hair analysis. A longer window of detection for drugs of abuse is extremely important in forensic toxicology. For instance, analysis of these drugs can be used as evidence in drug facilitated crime cases or to identify individuals suspected of illicit s
	In order to support development of protein adduct based biomarkers for drugs of abuse, preliminary studies are necessary to identify RM of such drugs and determine their ability to covalently modify potential target sites in relevant peptides and proteins. In addition, adducted peptide standards are needed for use in MS-based screening/confirmatory assays using this approach. For these purposes, in vitro  metabolic trapping assays are ideal. 
	1.2.1. Task 1 – Generation and identification of SM and RM of selected drugs: 
	The first part of this study will be the identification and comparison of the stable and reactive metabolites formed by three different in vitro assay systems: 1) human liver microsomal (HLM) metabolic assay, 2) synthetic metalloporphyrin catalysts, and 3) electrochemical (EC) oxidation assay. While enzyme-based assays are widely employed for drug metabolite generation in forensic toxicology, alternative in vitro systems have not been extensively tested. Furthermore, no such direct comparison of all three a
	1.2.2. Task 2 – Assessment of adduction potential of drug RM with model peptides: 
	The capability of selected drugs of abuse to covalently adduct model peptides will be investigated by trapping the reactive metabolites generated using each method with nucleophilic thiol moieties present in GSH and the β-globin tryptic peptide containing the free thiol at the 93Cys position (i.e., GTFATLSELH93CDK; “Hb 93Cys peptide”). The instrumentation selected for this task is an LC-quadrupole-time of flight (Q-TOF) mass spectrometer operated in positive ESI targeted MS/MS mode. Mass spectral data will
	1.2.3. Task 3 – Development of a predicted MRM assay for routine peptide adduct screening: 
	In this task, data developed during the in vitro trapping experiments and QTOF-MS analysis for each drug/peptide combination will facilitate preliminary studies to adapt an approach developed by Osaki et al. for identification of peptide adducts by a QqQ-MS based MRM method.11 This step is critical to the ultimate development of a routine screening method for such adducts that could be implemented by forensic laboratories. The method consists of populating a table of MS ∆m/z shift values associated with the
	2. LITERATURE REVIEW 
	2.1. Drugs of abuse 
	 Humans have been using psychoactive substances since prehistoric times, such as chewing of coca leaves by early Andean people, archaeological evidence has been found in mandibles and hair samples of ancient human populations from the southern coast of Peru.12 Drug use and abuse have been a constant in human society to this day. According to the most recent World drug report (WDR) in 2020, approximately 284 million people around the world between the ages of 15 and 64 had used an illegal drug, which represe
	increased when they are denied access to treatments or face discrimination. Drug use can cause long lasting damage to the user’s relationship with family members, friends, and coworkers. Moreover, illicit drug markets are associated with violence and other forms of criminal activity. 
	The main legislation controlling addictive substances in the U.S. is the Comprehensive Drug Abuse and Prevention and Control Act, also known as the Controlled Substances Act (CSA), that was created in 1970 to combine all existing federal laws into a single new statute. Prior to the CSA’s creation, the existing federal drug laws were not adequate to address, for example, the illegal use of legal controlled substances, such as amphetamines and barbiturates. A drug classification and control system was also cr
	The U.S. Drug Enforcement Administration (DEA) is a federal law enforcement agency established in 1973 by the United States Department of Justice to combat drug trafficking and distribution within the U.S. It is the lead agency for domestic enforcement of the CSA, and it is responsible for assigning drugs to one of the five schedules for regulatory purposes; registering drug manufacturers; registering dispensers and prescribers; investigating and aiding in the prosecution of drug traffickers and violators o
	Table 1: Drug schedule and their descriptions. 
	Drug schedule 
	Drug schedule 
	Drug schedule 
	Drug schedule 
	Drug schedule 

	Description 
	Description 



	Schedule I 
	Schedule I 
	Schedule I 
	Schedule I 

	Drugs with no currently accepted medical application in the United States. There is a lack of accepted safety for use of the drug under medical supervision 
	Drugs with no currently accepted medical application in the United States. There is a lack of accepted safety for use of the drug under medical supervision 


	Schedule II 
	Schedule II 
	Schedule II 

	Drugs that have a currently accepted medical application in the United States or a currently accepted medical use with severe restrictions. Abuse of these drugs may lead to severe psychological or physical dependence 
	Drugs that have a currently accepted medical application in the United States or a currently accepted medical use with severe restrictions. Abuse of these drugs may lead to severe psychological or physical dependence 


	Schedule III 
	Schedule III 
	Schedule III 

	Drugs that have a currently accepted medical use application in the United States. Abuse of the drug may lead to moderate or low physical dependence or high psychological dependence 
	Drugs that have a currently accepted medical use application in the United States. Abuse of the drug may lead to moderate or low physical dependence or high psychological dependence 


	Schedule IV 
	Schedule IV 
	Schedule IV 

	Drugs that have a currently accepted medical use application in the United States. Abuse of these drugs may lead to limited physical dependence or psychological dependence relative to Schedule III drugs 
	Drugs that have a currently accepted medical use application in the United States. Abuse of these drugs may lead to limited physical dependence or psychological dependence relative to Schedule III drugs 


	Schedule V 
	Schedule V 
	Schedule V 

	Drugs that have a currently accepted medical use application in the United States. Abuse of these drugs may lead to limited physical dependence or psychological dependence relative to Schedule IV drugs 
	Drugs that have a currently accepted medical use application in the United States. Abuse of these drugs may lead to limited physical dependence or psychological dependence relative to Schedule IV drugs 




	 
	Drugs of abuse can also be classified according to their symptoms or side effects; these categories include stimulants, cannabinoids, depressants, opioids, hallucinogens, anesthetics, and analgesics. The drugs of interest in this study are acetaminophen (APAP), cocaine (COC), methylenedioxymethamphetamine (MDMA), methamphetamine (METH), and Δ9-tetrahydrocannabinol (THC). Table 2 shows the drugs to be investigated in this research, alongside their abbreviation, 
	chemical formula, schedule, and drug class. These drugs were selected based on a known potential for addiction and/or dependence and prevalent usage, except for APAP which was selected as a positive control and for which there is a large database on formation of stable and reactive metabolites. All drugs selected are currently among the most used abused substances; cannabis is by far the world’s most used drug, and the WDR also shows an overall increase in the use of amphetamines in 2020.13 The selected dru
	Table 2: Drugs selected for this study. 
	Drug 
	Drug 
	Drug 
	Drug 
	Drug 

	Abbreviation 
	Abbreviation 

	Formula 
	Formula 

	Schedule 
	Schedule 

	Class 
	Class 



	Acetaminophen 
	Acetaminophen 
	Acetaminophen 
	Acetaminophen 

	APAP 
	APAP 

	C8H9NO2 
	C8H9NO2 

	N/A 
	N/A 

	Analgesic 
	Analgesic 


	Cocaine 
	Cocaine 
	Cocaine 

	COC 
	COC 

	C17H21NO4 
	C17H21NO4 

	II 
	II 

	Stimulant 
	Stimulant 


	Methylenedioxymethamphetamine 
	Methylenedioxymethamphetamine 
	Methylenedioxymethamphetamine 

	MDMA 
	MDMA 

	C11H15NO2 
	C11H15NO2 

	I 
	I 

	Stimulant 
	Stimulant 


	Methamphetamine 
	Methamphetamine 
	Methamphetamine 

	METH 
	METH 

	C10H15N 
	C10H15N 

	II 
	II 

	Stimulant 
	Stimulant 


	Δ9-Tetrahydrocannabinol 
	Δ9-Tetrahydrocannabinol 
	Δ9-Tetrahydrocannabinol 

	THC 
	THC 

	C21H30O2 
	C21H30O2 

	I 
	I 

	Cannabinoid 
	Cannabinoid 




	 
	2.2. Drug metabolism 
	  Metabolism is a process by which the body increases the polarity of compounds, thus facilitating excretion. It is a complex process involving transporters and metabolizing enzymes that can impact pharmacological and toxicological effects.14 Drug metabolism can occur in several biological tissues in the body, including the liver, lungs, kidneys, intestine and skin, however, the liver 
	is the primary organ of drug metabolism. The liver's contribution to drug metabolism is due to several factors, including its size, being the first organ perfused by chemicals absorbed in the gut, and having very high concentrations of most drug-metabolizing enzyme systems in comparison to other organs.15 
	There are two main phases of xenobiotic metabolism. Phase I reactions typically create or expose a functional group on a molecule, generally increasing the hydrophilicity of the molecule in the process.15 Phase II metabolism involves the conjugation of a large and/or polar moiety, such as glucuronic acid or glutathione, to a molecule in order to facilitate excretion. This conjugate may be covalently linked to the parent compound directly or to a metabolite formed via Phase I metabolism processes.15  
	Phase I metabolism is primarily performed by cytochrome P450 enzymes (CYP) located in the liver and other tissues.16 In terms of catalytic versatility and number of xenobiotics detoxified or activated, the CYP system is unrivaled. The hepatic endoplasmic reticulum contains the highest concentration of CYP enzymes involved in xenobiotic biotransformation, but CYP enzymes are found in almost all tissues. All CYP enzymes are heme-containing proteins that catalyze the monooxygenation of one oxygen atom into a s
	NADPH + H+ + O2 + drug → NADP+ + H2O + oxidized drug 
	CYP catalyzes the following types of reactions: oxidation, reduction, hydrolytic cleavage, N-oxidation, alkylation (methylation), dealkylation, ring cyclization, dimerization, transamidation, isomerization, and decarboxylation. CYP does not directly interact with NADPH or NADH during catalysis.15 Electrons are relayed from NADPH to cytochrome P450 in the endoplasmic reticulum by a flavoprotein called NADPH-cytochrome P450 reductase. Electrons are transferred from NADPH to CYP in mitochondria by ferredoxin a
	The mono-oxygenase mediated catalytic cycle is widely accepted to involve sequential one-electron reductions, with those electrons supplied by the NADPH reductase as shown in Figure 1.17-19 Following substrate binding to the CYP enzyme (b), the first electron is used to convert the Fe(III) ferric species (b) into the Fe(II) ferrous species (c). The ferric-superoxo intermediate is then formed by transferring an electron from iron(II) to O2 (d). Following that, a second electron and a proton are transferred t
	 
	Figure
	Figure 1: Catalytic cycle of dioxygen activation by cytochrome P450. 
	2.3. In vitro metabolism assays 
	Various in vitro model systems have been used by the pharmaceutical industry, forensic toxicologists, and researchers to assess the extent and rate of xenobiotic metabolism and examine the formation of both stable metabolites (SM) and reactive metabolites (RM) of drugs.20, 21 RM can often be identified by the presence of stable hydrolysis products. For drugs of abuse, RM can indicate the formation of toxic biomolecules, since the formation of covalent drug adducts with proteins and peptides can disrupt cell
	To study reactive metabolites, i.e., those which are unstable in situ and may react further, a modified in vitro system, known as a “trapping” assay, is required. A trapping assay consists of the same components of an in vitro metabolic assay with the addition of a trapping agent. The trapping agent is a nucleophilic compound that can covalently bind to the reactive (electrophilic)  metabolites, essentially inactivating them and preventing binding to tissue macromolecules or further breakdown to a stable me
	For example, Ma et al. 23 investigated the formation of Hb adducts with pyrrolizidine alkaloids (PA) generated by the metabolic activation of PAs as a primary trigger for hepatotoxicity. The study looked into the potential of pyrrole-Hb adducts as a biomarker of PA exposure in humans. The level and elimination kinetics of pyrrole-Hb adducts were studied in 43 PA-induced liver injury patients' blood samples. The results showed that pyrrole-Hb adducts had notably higher concentrations and a longer persistence
	The most common in vitro model system uses homogenized liver fractions containing various enzymes as the primary contributor of Phase I metabolic activity.8, 24-26 The three most commonly used liver fractions obtained by differential centrifugation are the S9 fraction, cytosol, and human liver microsomes (HLM). The S9 fraction is the supernatant obtained by the centrifugation of a liver tissue homogenate at 9,000 x g. When the S9 fraction is centrifuged at 100,000 x g, the 
	obtained supernatant is the cytosol, while the pellet contains the "microsomes" derived from rough endoplasmic reticulum.27 The assay employed in this study uses HLM as source of the CYP enzymes responsible for Phase I metabolism. 
	HLM assays are used by pharmaceutical companies to characterize SM and RM formed by natural metabolism processes found in the human body.20 In addition to HLM, several components need to be present in the reaction  for the activation of CYP enzymes present in the microsomes. These components include NADPH to catalyze the oxidation reaction; a source for Mg+2 ions to stimulate CYP activity; glucose-6-phosphate (G-6-P) and D(+)-glucose-6-phosphate dehydrogenase (G-6-P-D) which provide a regeneration system fo
	Schneider and DeCaprio28 looked at how well four popular in vitro assay techniques produced metabolic profiles for drugs of abuse that were in line with in vivo data. Cocaine was selected as the study's substrate primarily due to the well-researched metabolism it undergoes in both humans and experimental animals. Using LC-QqQ-MS with multiple reaction monitoring, the following samples were examined: HLM, cytosol, human liver S9 fraction, and horseradish peroxidase. There were both qualitative and quantitati
	Gilliland and co-workers24 used a HLM metabolic assay with GSH as a nucleophilic trapping agent to examine formation of RM of a series of drugs. Extracted ion MS spectra for all potentially significant ions were collected using LC-QqQ-MS/MS and examined for fragmentation common to GSH-containing compounds, followed by confirmation of adduction and structural characterization performed by LC-QTOF-MS/MS. In addition to the two positive controls APAP and clozapine, ten of the fourteen drugs, including cocaine,
	Biomimetic alternatives for the study of SM and RM include synthetic metalloporphyrin catalysts29-31 and electrochemical (EC) assays.32-34 Certain synthetic metalloporphyrin (MP) catalysts have been shown to mimic P450 mediated metabolism of drugs. Because of their role as biological ligands, porphyrins and related macrocycles have received a lot of attention in this regard. The heme cofactor, which is an iron-containing porphyrin, is found at the active site of many metalloproteins and is involved in a wid
	 
	Figure
	Figure 2: Synthetic metalloporphyrin derived from cytochrome P450 active site.37 
	 
	The biomimetic oxidation of phenacetin, methacetin, and acetanilide meta-chloroperoxybenzoic, APAP prodrugs, by iron (III) porphyrins chelated by different axial ligands was reported by Chapman and co-workers.38 The study compared the activity of three hindered Fe porphyrin complexes, as variable catalytic efficiency varies from β-pyrrole substituted MPs. To better understand the factors that contribute to function and effect, nine axial ligands with varying pKa (2.8-11.2), size, and heteroatomic identity w
	 
	Lassila and colleagues30 used a commercial kit containing synthetic metalloporphyrins, called the BMO kit, as a means to metabolize clozapine, ticlopidine, and citalopram. In addition, they used S9 liver fraction incubations to compare the results with the BMO assay. The S9 incubation produced six glutathione conjugates for clozapine, while the BMO assay produced four. The BMO assay detected four of the five phase I metabolites produced by S9 for clozapine. Four glutathione conjugates were detected in the S
	EC assays are a third alternative for the generation of SM and RM that have been used in mimicking biologic reactions such as oxidative drug metabolism32, 34, 39. For example, EC assays have been used to mimic different phase-I reactions, such as aromatic hydroxylation, dehydrogenation, O- and N-dealkylation, by introducing the compound into an electrochemical cell and applying a constant potential to the solution. A three-electrode setup, consisting of a working electrode (WE), a counter electrode (CE), an
	 
	Figure
	Figure 3: Schematic representation of a three-electrode EC cell for cyclic voltammetry experiments.40 
	 
	The role of the reference electrode is to serve as a reference in measuring and controlling the working electrode potential while no current is passed through it. A RE is one that has a consistent and well-known electrode potential. The most common REs used in aqueous conditions are the saturated calomel electrode (SCE), standard/normal hydrogen electrode, or Ag/AgCl electrodes. The counter electrode performs the reverse electrochemical process to that of the working electrode; oxidation at the WE indicates
	Mielczarek and colleagues41 demonstrated that an EC system linked in real time with electrospray ionization mass spectrometry successfully mimicked the oxidative metabolism that occurs in liver cells primarily caused by CYP enzymes. Cocaine was chosen as a model drug for these studies and was analyzed with a 
	boron-doped diamond WE in a 20 mM Tris buffer solution. The results were compared with those produced by a standard procedure using rat liver microsomes. This study showed that cocaine could be converted to norcocaine, a natural metabolite of cocaine in the human body, in a single electrochemical step. This technique could also be used to prepare norcocaine from cocaine, demonstrating that electrochemical reactions can be used in place of laborious and sometimes problematic chemical synthesis. 
	Trapping molecules can also be added to EC assays to detect reactive metabolites. For example, Madsen et al. 33  showed that APAP RMs generated by electrochemical oxidation successfully form adducts with glutathione (GSH). The stability of N-acetyl-p-benzoquinoneimine (NAPQI) electrochemically generated from APAP was investigated, and NAPQI showed the greatest stability at physiological pH. The rate of reaction between NAPQI and GSH was measured using cyclic voltammetry, where NAPQI reacted quantitatively t
	2.4. In silico prediction of drug metabolism 
	In silico drug metabolite prediction is widely used as a first step in studying  drug biotransformation in pharmaceutical development.42 Several commercial software tools for xenobiotic metabolite prediction are available, including MetaSite (Molecular Discovery Ltd, Middlesex, UK), Meteor (Lhasa Limited, Leeds, UK), and MetaDrug (Thomson Reuters, NY, USA). However, in studies of designer drugs or 
	other toxicologically interesting compounds, prediction using in silico methods have not yet become common.43 
	In the present work, the software MetaSite will be used to predict the metabolism of the drugs of interest. MetaSite predicts reactions and metabolic conversion of phase I metabolism of CYP450 and FMO3 enzymes43. It allows the user to choose the means of the metabolic path, such as liver, skin, brain and specific CYP enzymes44. Predictions of metabolites formed with HLM can be accurately made setting up the liver as the metabolic pathway in the software. It is also possible to predict the metabolism of synt
	In one example, Ellefsen et al.45 investigated the metabolic stability of 4-methoxy-α-PVP using the in silico metabolite prediction software MetaSite. Metabolites obtained with HLM and hepatocyte incubations were used to compare with the in silico study. To identify potential unexpected metabolites, HRMS was used with full scan data-dependent mass spectrometry, with and without an inclusion list of predicted metabolites. MetaSite predicted eleven phase I metabolites with probability scores greater than 20%,
	2.5. Retrospective monitoring of drug use or exposure 
	 The analysis of drugs of abuse and their metabolites in biological fluids is an issue of extreme relevance for both clinical and forensic toxicology laboratories. Biological specimens can be obtained from a variety of sources, including blood, urine, hair, oral fluid, and others.46 These various tissues and bodily fluids excrete at different rates and durations, resulting in different detection windows for substances, as shown in Figure 4.47 Among the conventional matrices, urine has been the most used mat
	 
	 
	Figure
	Figure 4: Typical window of detection of drugs and their metabolites in blood, urine, and hair. 
	The specific site of action of drugs varies from nerve endings to receptors on cells located throughout the body. As sampling from these sites is not normally available, thus, blood is used as a monitoring sample. As most drugs are water soluble, plasma or serum are logical sources to monitor without the interference of 
	red blood cells. There are, however, occasions when other types of matrices can be tested and, in some cases, may even be necessary to obtain the desired clinical information.1, 46 
	2.5.1. Hair analysis 
	Hair analysis is the current primary tool for longer-term or retrospective monitoring of drug use or exposure.4, 7, 48 The increased detection window of hair as a biological matrix for drug screening over blood, urine, or oral fluid analysis, as well as the ease of collection, are major advantages. Once a drug (or metabolite) has been incorporated into the hair, the only way to remove it is to cut off the portion of hair in which it is stored, which causes the usable time frame for drug detection using hair
	There are other advantages of hair sampling unrelated to the extended window of detection. For example, specimen collection for hair is less invasive than for blood and urine. In contrast to other matrices, hair specimens are generally easy to handle, ship, and store, as collected hair samples only need to be bound, wrapped in aluminum foil, and stored in dry conditions at room temperature. Another advantage is that parent drugs may be found in the hair, allowing for discrimination between exposure sources,
	Despite these advantages, forensic hair analysis also presents some challenges with regard to applicability, ease of analysis, and interpretation of 
	results.49 One obvious drawback is that the technique cannot be applied to bald, shaved, or shorthaired individuals. Another complication is that since hair growth may vary from 0.6 cm to 1.4 cm per month among individuals, analysis generally allows for only an approximate timeline of drug exposure.48 Another issue is the lack of a general understanding of the mechanisms and compound-specific aspects of drug incorporation into hair. Finally, hair testing results can vary significantly as a function of hair 
	2.5.2. Drug protein/peptide adduction 
	Protein adducts are formed when electrophilic drug metabolites react covalently with protein nucleophiles.10 These electrophiles may be endogenous but usually are xenobiotics that can either be reactive themselves or have been generated from metabolic processes.50, 51 A "biomarker of exposure" is a biological change that provides physiochemical evidence of xenobiotic exposure. As biomarkers of exposure, protein adducts can not only assess whether individuals have been exposed to certain compounds but may al
	This is especially true for protein adduction, which results in usually irreversible modifications that last for the life of the molecule or cell because, unlike 
	DNA, there are no repair mechanisms for exogenous protein modifications50. While the length of time that a protein adduct can be detected is strictly dependent on the target protein's in vivo lifetime, certain proteins are especially useful as biomarkers of xenobiotic exposure, such as Hb and human serum albumin (HSA). Both proteins are abundant in blood; one milliliter of blood contains about 150 mg of Hb and 30 mg of HSA. In humans, Hb and HSA have a half-life of approximately 126 days and 20 days respect
	The most abundant protein in human plasma is HSA. HSA contains 35 cysteine residues, but 34 of them are bound as intramolecular disulfides. The 34Cys moiety represents the largest fraction of free thiols in serum, approximately 80%.54 34Cys is found close to the surface of HSA, near 38Asp, 39His, and 84Tyr. These three residues influence the 34Cys ionization state, thereby modulating its reactivity.55 Hb is the most prominent heme protein in blood; it is a heterotetramer composed of two α-subunits and two β
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	Figure 5: Chemical structure of the porphyrin ring system of heme b complex of Hb. 
	There are a total of three cysteine residues in the Hb molecule: α104Cys, β93Cys and β112Cys. The β93Cys is surface exposed and is the most reactive of all Hb cysteine residues. Thus, the thiol moiety present in β93Cys can act as a nucleophile and covalently bind to drug reactive electrophiles. In contrast, α104Cys and β112Cys residues are located relatively in the interior portion of Hb and are generally thought to be poorly accessible to chemical reactions.52 
	A study reported by Möller et al.25 investigated the protein adduction of two reactive aniline metabolic products: N-phenylhydroxylamine (PhNHOH) and nitrosobenzene (NOB). Adduction of model peptides with nucleophilic sidechains (Cys, His, and Lys) and selected proteins (β-lactoglobulin-A, bovine and human Hb) were characterized in vitro. Peptide data identified the Cys thiol group as the most reactive nucleophile for these metabolites, which was consistent with in silico predictions. Sulfinamides were iden
	on the other hand, produced an additional oxidized adduct, the sulfonamide. In vitro exposure of human whole blood to PhNHOH and NOB revealed the formation of only sulfinamides. The findings of this study support previous research that sulfinamide and sulfonamide form adducts specifically at 93Cys of human Hb. It was also shown that 104Cys and 112Cys of Hb can undergo adduction under certain reaction conditions. 
	Hundreds of licit drugs, environmental contaminants, and other xenobiotics have been shown to have the potential for covalent protein binding of RM in vitro or in vivo.22, 57 One study found some level of covalent biological thiol binding in 85 of 179 currently marketed drugs.58 In contrast to the extensive database available for licit drug and other xenobiotic protein adducts, virtually no work has been reported on the detection and analysis of such modifications as exposure markers for drugs of abuse. The
	Some pertinent data on covalent binding of illicit drugs as related to drug toxicity or addiction mechanisms using in vitro metabolism and "trapping" assays or in vivo animal models have been reported. In vitro and in vivo studies of covalent protein binding of morphine and other opiates, for example, revealed the formation of adducts resulting from bioactivation to RM. In non-human species, 8-dihydromorphinonyl adducts were found to form with the biological thiol-containing tripeptide GSH, most likely via 
	mercaptoethanol as a trapping agent. 
	Protein adducts have also been described for several stimulant drugs, again in primarily mechanistic investigations. Cocaine intake is known to result in irreversible protein binding, as demonstrated by histopathological studies, investigations utilizing radiolabeled drug, and analysis of immunogenic antibodies present in the blood of cocaine abusers.63-65 Various authors have demonstrated that the formation of cocaine-protein adducts parallels the degree of hepatic necrosis, suggesting a direct causal rela
	Taken together, the findings show that common drugs of abuse (and/or their RM) can adduct protein under physiological conditions, and that this adduction can be detected and quantified. While not a common approach for detecting drug abuse (except in the case of ethanol abuse), the examination of protein adduction products may be an appealing future path for forensic toxicological analysis. The possibility of extending the detection window for commonly abused drugs from days (the current timeline for parent 
	viable option. As a result, protein adducts are attractive as long-term and/or retrospective exposure biomarkers for such drugs. 
	2.6. Liquid Chromatography - Mass Spectrometry 
	Liquid chromatography (LC) is an analytical technique that separates the components of a mixture. This separation occurs as a result of the sample's interactions with the mobile and stationary phases. LC employs instruments that can be fully automated, which makes it possible to perform separations and quantitative analysis of a wide range of compounds present in various types of samples in a matter of minutes with high resolution and efficiency.66 
	The coupling of LC and mass spectrometry (MS) became possible after the development of atmospheric pressure ionization sources in the late 1980s. The combination of the two techniques significantly increased laboratories' analytical capacities. Before LC-MS, researchers used conventional optical detectors and now are benefited from MS's analytical potential in terms of sensitivity, selectivity, analytical frequency, and ease of developing analytical methods.67 
	A mass spectrometer measures the mass-to-charge (m/z) ratio of gaseous ions, and consists of an ionization source, one or more mass analyzers, a detection system, and a signal processing system. The analyte must be converted into gas phase ions before mass spectrometry analysis can be performed. There are several ionization sources, including electron ionization, chemical ionization, electrospray ionization, atmospheric pressure ionization, among others, and the choice of which one to use is primarily deter
	Figure 6 depicts an Electrospray Ionization (ESI) source, which is efficient at ionizing polar molecules with a wide range of masses. ESI ionizes the species while they are still in aqueous solution. Basic compounds are protonated by adding a weak acid, resulting in the formation of the [M+H]+ adduct (positive mode), whereas acidic species are deprotonated by adding a weak base, resulting in the generation of ions. [M-H]- (negative mode).69 
	 
	Figure
	Figure 6: ESI ionization source, adapted from NHMFL.70 
	A high voltage is applied to the capillary containing the ionic solution forming a fine spray with charge accumulation at the capillary outlet. The final production of gas-phase ions can be explained by two major theories. The first theory is the residual charge model, which states that as the solvent evaporates, the volume of each individual droplet is reduced. Then the droplets subdivide, due to the high repulsion between the ions of the same charge, and finally droplets containing only one ion are formed
	solvent is evaporated. Then, due to repulsive forces, ions are ejected from the droplets into the gas phase. Thus, the ions present in solution are desorbed to the gas phase and attracted to the MS inlet.69  
	Mass analyzers are used for ion analysis, and the different behavior of the ions is used to separate them according to their m/z in time or space, allowing their individual abundances to be determined. The Time of Flight (TOF) mass analyzer was developed in 1946 by W.E. Stephens,71 which was first used in the 1950s and has since undergone changes and improvements.68 The TOF operating principle is straightforward, it measures the time required for ions to travel through the flight tube and reach the detector
	 
	Figure
	Figure 7: Schematic representation of the 6530 Q-TOF mass analyzer from © Agilent Technologies, Inc.72 
	A hybrid quadrupole - TOF (Q-TOF) instrument consists of a quadrupole in line with a hexapole collision cell, followed by an orthogonal acceleration TOF detector as shown in Figure 7. The Q-TOF-MS system can collect data in both the MS and tandem mass spectrometry (MS/MS) modes. The quadrupole is used as a mass filter in the MS mode to transmit ions, the collision cell is not pressurized, and all ions are transferred to the TOF-MS for mass determination. In the MS/MS mode, the quadrupole is used as a mass f
	A quadrupole mass spectrometer consists of four parallel cylindrical rods that serve as electrodes. A potential difference accelerates ions into the space between the rods. At any given time, all ions except those with a m/z value range strike the rods and are converted to neutral molecules. As a result, only ions with a narrow range of m/z values reach the transducer. A triple quadrupole (QqQ) mass analyzer comprises of three quadrupoles connected in series. The first of these quadrupoles (Q1) is used to c
	such as product ion scans, precursor ion scans, neutral loss scans, and selected reaction monitoring or multiple reaction monitoring (MRM).68 
	2.7. LC-MS protein and peptide analysis 
	A major approach to qualitative and quantitative analysis of protein adducts is HRMS-based “bottom-up” proteomics. Bottom-up proteomics utilizes enzymatic cleavage of a protein into peptides prior to their introduction into the MS.74 Tandem mass spectrometry (MS/MS) is utilized to fragment enzymatically cleaved peptides, and the resultant ions are analyzed using bioinformatics software to elucidate an amino acid sequence for each peptide. This method is most typically used for the identification of protein 
	Peptide analysis by mass spectrometric techniques is critical to characterizing protein modifications by reactive drug metabolites. A peptide fragmentation model was created in 1984 by Roepstorff and Fohlman76 and will be used in this work. Adducted peptides fragmentation generally happens at the amide bonds, producing a series of “b” and “y” fragment ions without prominent and reliable constant neutral losses. When the charge is retained at the N-terminal fragment of the peptide, the three possible cleavag
	 
	Figure
	Figure 8: Peptide fragmentation patterns labeled with the common “a,b,c” and “x,y,z” 
	There are several algorithms that provide a sequence database for the analysis of protein and peptides with MS/MS data, some of the tools available are PeptideSearch, Sequest, Mascot, Sonar MS/MS, and ProteinProspector. ProteinProspector is a free online software developed by the University of California, San Francisco, and will be used in this work to aid in the peptide MS/MS data interpretation. The MS-Product feature of ProteinProspector generates theoretical fragmentation and annotation of MS/MS spectra
	Thompson and DeCaprio50 used LC-MS/MS to investigate the in vitro adduction of the nitrogen mustards mechloroethamine (HN-2) and tris-(2-chlorethyl)amine (HN-3) to nucleophilic amino acid residues. The model peptides used in the study contained cysteine, lysine, and histidine. The study evaluated the composition of the produced adducts, their concentration–response relationships, and their temporal stability. All three model peptides were found to 
	undergo covalent adduction to nucleophilic residues after first forming a reactive aziridinium intermediate for mechloroethamine and tris-(2-chlorethyl) amine. Adduction was discovered to happen most frequently with cysteine, but it was also noticed at lysine and histidine, showing that mechloroethamine and tris-(2- chlorethyl) amine are capable of adduction at a variety of nucleophilic sites. Adducts produced with mechloroethamine were stable for up to three weeks after solid phase extraction cleanup. Tris
	2.8. Research objectives 
	The primary goals of this study are to utilize in vitro HLM metabolic assays, synthetic MP catalysts, and EC redox assays to characterize SM and RM of drugs of abuse. In addition, this study assesses the capability of reactive species to form adducts with reactive peptide thiols to support ongoing work to develop long-term biomarkers of exposure for drugs of abuse. The present work builds upon previous proof of concept studies performed in the DeCaprio Laboratory at FIU. Analysis of potential drug-thiol add
	3. METHODOLOGY 
	3.1. Instrumentation 
	HRMS analysis was performed on an Agilent Technologies (Santa Clara, CA, USA) 1290/6530 liquid chromatograph/quadrupole time-of-flight mass spectrometer (LC-QTOF-MS), equipped with an Agilent Dual Jet Stream Electrospray Ionization in positive ionization mode. LRMS MRM analysis was performed on an Agilent Technologies (Santa Clara, CA, USA) 1290/6460 liquid chromatograph/triple quadrupole mass spectrometer (LC-QqQ-MS), equipped with an Agilent Jet Stream Electrospray Ionization in positive ionization mode. 
	Chromatographic separations were performed using an Agilent Zorbax Rapid Resolution HD Eclipse Plus C18 column (3.0 x 100 mm, particle size 1.8 μm) in both instruments. A biphasic elution system consisting of eluent A: water with 0.1% formic acid, and B: acetonitrile with 0.1% formic acid was utilized for both instruments. The elution gradient varied between different experiments and is discussed below. Elution solvent flow rate was 0.3 mL/min and the injection volume was 10 μL for all runs. Data acquisitio
	Qualitative software (version B.07.00), with supplementation by Agilent’s BioConfirm software (version B.08.00). 
	3.2. Drug selection 
	Specific drugs to be investigated were chosen to provide a range of licit and illicit abused compounds with consideration of previous data generated in the DeCaprio Laboratory and other published work. Figure 9 shows the molecular structure and exact mass of the drugs under study. In addition, the well characterized adduct-forming drug acetaminophen was utilized as a positive control to ensure active mechanisms necessary for biotransformation-induced adduct formation. 
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	Figure 9: Structures and exact mass of drugs under study. 
	3.3. Chemicals and reagents 
	Ammonium bicarbonate, magnesium chloride, glucose-6-phosphate sodium salt, iodoacetamide, and acetaminophen were purchased from Sigma 
	Aldrich (St. Louis, MO, USA). Drug standards for cocaine, 3,4-methylenedioxy methamphetamine HCl, methamphetamine HCl, and Δ9-tetrahydrocannabinol were purchased from Cayman Chemical (Ann Arbor, MI, USA). Formic acid (Optima grade for LC/MS), dimethyl sulfoxide (DMSO), β-nicotinamide adenine dinucleotide phosphate reduced, tetrasodium salt (NADPH), D(+)-glucose-6-phosphate dehydrogenase sodium salt, human liver microsomes, glutathione (reduced), water (Optima LC/MS grade), and acetonitrile (Optima LC/MS gra
	3.4. HLM assay 
	3.4.1. Generation of drug metabolites 
	The assay used for the HLM assay was adapted from work previously developed in the DeCaprio lab8, 24 and was employed for the generation of the metabolites for the drugs of interest as shown in Figure 10. All incubations were performed at 37°C in 25 mM ammonium bicarbonate buffer, pH 7.4 to mimic human physiological conditions. The components of the assay were combined in a total volume of 250 μL with their final concentrations were 4 mM of drug, 0.5 mg/mL of HLM, 1.5 mM of MgCl2, 1 mM of NADPH, 1.5 mM of G
	 
	 
	Figure
	Figure 10: Schematic representation of the sample preparation via liver microsomes metabolic assay. 
	Following addition of assay components in a microfuge vial and vortexing briefly to ensure uniformity, the incubation was performed for 4 h. Upon completion of the incubation, vials were immediately centrifuged at 11,000 × g for 30 min. After centrifugation, aliquots of 200 μL of supernatant were removed from each vial and placed in separate, clean LC vials for analysis by high resolution mass spectrometry (HRMS). Negative controls, in which NADPH or drug of interest were omitted from the incubation mixture
	Initial analyses by QTOF-MS were performed in full scan mode. In this mode, the mass range was m/z 50-1000, with fragmentor voltage set to 100 V and no collision induced dissociation. The elution gradient started at 5% of B and ramped to 95% B over 17 min of analysis time, with 2 min of post-run for re-equilibration of the instrument. The analytical column was held at a temperature of 40˚C during separation. Once the retention times of the metabolites generated were recorded, targeted MS/MS analysis was perf
	3.4.2. Adduction to selected peptides 
	To complement the negative ionization mode data previously performed in the DeCaprio laboratory,24 analysis on the positive ionization mode of the drugs adducted to GSH were performed. The components of the HLM assay were combined in a total assay volume of 125 μL of 50 mM sodium phosphate buffer, pH 7.4, at the following final concentrations: 1 mM drug of interest, 1 mg/mL HLM, 3 mM MgCl2, 2 mM NADPH, 3 mM G6P, 0.4 U/mL G6PD, and 2 mM GSH. Assay components without GSH were first combined in a microfuge via
	Before performing an incubation with the drugs of interest using the Hb 93Cys peptide, an incubation with iodoacetamide (IAM) was done to provide a positive control with  stoichiometric modification of the cysteine thiol. For this synthesis, 0.1 mg/mL of Hb 93Cys peptide and 6 mM of IAM were prepared in 25 mM ammonium bicarbonate buffer, pH 7.4. Incubation then ensued in the dark for 1 h at 37°C. After the incubation, samples were analyzed using the LC-QTOF-MS in flow injection analysis (FIA; without LC c
	analysis time, mass range was m/z 50-1000, with fragmentor voltage set to 100 V and no collision induced dissociation. 
	After the confirmation of adduction of IAM with the Hb 93Cys peptide, it was determined that the 93Cys present in the peptide was free to react with reactive electrophiles. The next step was to perform a modified HLM assay to metabolize the drugs of interest and generate RM that can act as nucleophiles. The components of the trapping assay were the same as shown in Figure 10 plus 0.5 mg/mL of the unadducted Hb 93Cys peptide that was then added to the mixture to complete the trapping assay. The samples we
	3.5. Synthetic metalloporphyrins assay 
	For the synthetic metalloporphyrin assay, commercial BMO kits were employed. The BMO kit utilizes synthetic metalloporphyrin to mimic the oxidative in vivo metabolism mediated by liver enzymes (cytochrome P450). In this task, two stages of the BMO kits were used: the screening kit and the optimization kit. The screening kit was used to perform the primary screen of the metabolites generated by each drug using 50 different reaction conditions. Then, the condition that produced the highest yield of the metabo
	consisted of further twelve reaction conditions and was used to identify the best condition to produce the metabolites of interest. 
	The sample preparation using the screening kit (Figure 11) consists of preparing two 6.25 mM drug solutions with both solvents provided with the kit, then the drug solution and provided reagent solutions are added to a well plate which contains solid reagents inside the wells. After all the components have been added, the plate is incubated at room temperature on an orbital shaker for 2 h. Then 50 µL of DMSO is added to each well to stop any further reaction. Finally, 20 µL aliquots are collected from each 
	 
	Figure
	Figure 11: Schematic representation of the sample preparation via synthetic metalloporphyrin catalysts. 
	 
	For the optimization kit, the sample preparation involved preparing a 6.25 mM solution of the drug of interest with the provided solvent, then adding 50 μL of the drug solution to each of the 12 wells. The next step was to add the provided reagent solutions to each well and incubate for 2 h on an orbital shaker at room temperature. Fifty μL of DMSO was then added to each well and 20 μL aliquots of the resulting solutions were transferred to HPLC vials containing 200 μL of acetonitrile. Then, each condition 
	3.6. Electrochemical assay 
	3.6.1. Optimization of EC assay 
	The EC experiments were performed on an eDAQ ER 466C Integrated Potentiostat System (Colorado Springs, CO, USA). For the optimization of the EC assay the following experimental conditions were tested: WE, bulk electrolysis potential and duration. Two electrodes were tested for the initial studies with the EC assay: a gold electrode and a glassy carbon electrode. For the adduction studies, a Pt mesh electrode with higher surface area was utilized. Two potentials were tested for the bulk electrolysis for each
	3.6.2. Generation of drug metabolites 
	A CV experiment was conducted for each drug of interest to determine the oxidation voltage to be used during the bulk electrolysis analysis. Additionally, a CV was performed on the buffer solution without any added drug to differentiate redox peaks generated by the buffer and drugs of interest. Two WEs were tested at this phase; a gold electrode and a glassy carbon electrode, both with 3 mm diameter. A saturated calomel electrode (SCE) was used as RE, and a Pt/Ti rod as CE. For both CV and bulk electrolysis
	Then, for the bulk electrolysis, the redox potential was fixed at the voltage identified by the CV. A two-compartment cell vial was used with 1 mL of the drug solution in the first compartment (glass cylinder) with the WE; and the buffer solution was placed in the second compartment (beaker) with the CE and RE as shown in Figure 12. The solutions were maintained under magnetic stirring at room temperature for the entire duration of the experiment. Aliquots were collected at 5, 10, 20, 30, 40, 50 and 60 min 
	 
	 
	Figure
	Figure 12: Schematic representation of the bulk electrolysis performed for the generation of metabolites via EC assay. 
	 
	3.6.3. Adduction to selected peptides 
	For the EC trapping assay, a Pt gauze, expanded metal mesh, 0.34 mm thick electrode (Alfa Aesar, Ward Hill, MA, U.S.) was used as the WE electrode. The same experimental procedure was performed as described in the previous section with the addition of the trapping agent. Fifty μL of a 2 mg/mL Hb 93Cys peptide solution in ammonium bicarbonate buffer 100 mM, pH 7.4 was pipetted to an LC vial. Then 150 μL of the bulk electrolysis aliquot was added to the vial, followed by a 10 min incubation on an orbital sha
	3.7. In silico methods 
	The chemical structure of each drug of interest was drawn in the MetaSite software (v.6.0; Molecular Discovery, Pinner, UK), and a prediction of possible 
	metabolites and electrophilic hotspots was performed using the liver metabolic pathway. After the predictions were generated, the top 10 metabolites for each drug were selected, based on their likelihood of formation and potential electrophilic reactivity. The predictions made were then compared with the in vitro experimental results. 
	The Visual Molecular Dynamics (VMD) software was used to generate the structure of the Hb 93Cys peptide  in solution. The pdb file containing the sequence of the Hb 93Cys peptide was uploaded to the software. The VMD software can display the 3D representation of the molecule using several drawing styles. In this work, the licorice representation was selected in the Drawing Method tab. 
	3.8. LC-QqQ-MS dMRM analysis 
	For the development of a dMRM method to analyze drug-peptide adducts, Agilent MassHunter Optimizer software was employed to determine the best data acquisition parameters for dMRM. The Optimizer report includes precursor ion, product ions identified, collision energies, fragmentor voltage, and abundances. Optimizer analysis was performed in FIA mode and the experimental parameters consisted of an isocratic elution with 20% A and 80% B, 1 min of analysis time, mass range of m/z 50-2000, fragmentor voltage se
	Collected transitions were used to develop the dMRM method. Chromatographic separation was achieved using a gradient consisting of 5% of B 
	and ramped to 95% B over 17 min of analysis time, with 2 min of post-run for re-equilibration of the instrument. The analytical column was held at a temperature of 40˚C during separation. A dMRM method was chosen to increase selectivity, using analyte retention times, detection windows of 0.5 min, and scan cycle time of 500 ms to allow for the detection of multiple analytes in a small window.  
	3.9. Peptide adducts analysis 
	Agilent's MassHunter BioConfirm software (version B.08.00) was used to analyze the data collected for the peptide adducts. The "peptide digest" method was used, the condition was "reduced," the Hb 93Cys peptide sequence was added, trypsin was used as the enzyme, and the modifications were methylation, hydroxylation, and any appropriate custom modifications. The custom modifications were created individually for each drug of interest based on both metabolites reported in the literature and those generated i
	 
	Figure
	Figure 13: Flowchart of workflow for Hb 93Cys peptide adduct analysis. 
	 
	The spectra were collected for the Targeted MS/MS studies, compared to the theoretical peak list supplied by Protein Prospector, and confirmed peaks were recorded. Peaks were considered identified if the observed mass was within 0.1 Da of the mass reported in the theoretical peak table. If the mass differential was less than 0.5 Da, the peak was considered a possible match. All peaks with a mass differential of >0.5 Da were eliminated. 
	4. RESULTS AND DISCUSSION 
	4.1. Task 1 – Generation of drug metabolites 
	The first part of this study was the identification and comparison of the SM and RM formed by the three different approaches: 1) HLM assay, 2) EC assay and 3) synthetic MP catalysts. No such direct comparison of all three approaches to drug (licit or illicit) metabolism has previously been reported. Ultimately, these methods were evaluated for production of specific adducted GHS and Hb peptides for use as standards in the LC-QqQ-MS based assay. 
	4.1.1. In silico generation of drug metabolites: 
	MetaSite generated several possible metabolites for each drug of interest, most of them were well known metabolites, and some were not generated by any in vitro system evaluated in this work. However, novel metabolites of THC and MDMA were correctly predicted by MetaSite and later seen with the in vitro metabolism. In Figure 14, there is a screenshot of THC as the prediction substrate and the top three metabolites predicted. The first one is the well-known THC 
	metabolite 11-OH-THC, the other two were not previously reported in the literature and were named as nor-9-methylidene-Δ9-tetrahydrocannabinol (methylidene-THC), and 9-carbaldehyde-Δ9-tetrahydrocannabinol (11-CHO-THC).  
	 
	 
	Figure
	Figure 14: MetaSite liver metabolism prediction for THC. 
	 
	Figure
	Figure 15: MetaSite liver metabolism prediction for MDMA. 
	In Figure 15, there is a screenshot of MDMA as the prediction substrate and the three of the metabolites predicted. Two predicted metabolites shown in the screenshot were not previously reported in the literature but were found with the in vitro systems investigated in this study, they were named as 3-hydroxy-4-phenylformylate amphetamine (HFA), and 3-hydroxy-propylphenoxyformylic acid amphetamine (HPA). 
	4.1.2. Optimization of the synthetic MP assay: 
	To find the best reaction conditions for the synthetic MP assay, the first step was to use the BMO screening kit. A set of 50 conditions with two solvents was tested and analyzed using flow injection analysis (FIA) on the LC-QTOF-MS. A summary of the positive mode ions found for each condition is shown in Appendix 1 a-d. The set of conditions that best produced metabolites for APAP was A6 with solvent 1; for MDMA was A5 with solvent 1; for METH was A2 with solvent 2; and for THC was D4 solvent 1. The FIA fu
	 
	Figure
	Figure 16: FIA QTOF-MS full scan spectrum of the BMO screening kit for a) APAP; b) MDMA; c) METH; and d) THC. 
	The only metabolite of APAP found was NAPQI, with mass error of 0.7 ppm, shown in Figure 16a. Three metabolites of MDMA were identified as can be seen in Figure 16b; 3,4-dihydroxyamphetamine (HHA), 3,4-methylenedioxy-amphetamine (MDA), 3,4-dihydroxymethamphetamine (HHMA), HFA, with mass errors of -3.6, -11.1, -0.6, and 0.5 ppm, respectively. Two metabolites of METH were identified, as can be seen in Figure 16c; amphetamine (AMP) and p-hydroxymethamphetamine (p-OH-METH), with mass errors of -6.6 and 3.6 ppm,
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	Figure 17: Proposed chemical structures of the four novel metabolites found with the screening BMO kit with the aid of MetaSite software predictions. 
	The next step was to use the BMO optimization kit to ramp up the reaction to semi-preparative levels. The optimization kits used for each drug were unique, since the best conditions selected with the screening kit were different for each drug of interest. The optimization kit contained 12 reaction conditions to be tested. The condition that best produced metabolites for APAP was A2; for MDMA was A5; for METH was A11; and for THC was A10. A summary of the positive mode ions found for each condition is shown 
	(dihydroxy-THC). Another novel metabolite was found with the optimization kit for MDMA; HPA, and its postulated structure is shown in Figure 17. 
	4.1.3. Optimization of EC assay: 
	During the EC optimization process, two WEs were tested, gold and glassy carbon, and it was determined that glassy carbon generated a greater number of metabolites. The cyclic voltammograms obtained with the drugs of interest using glassy carbon as the WE, calomel standard as the RE, and Pt/Ti rod as the CE can be seen in Figure 18.  
	 
	Figure
	Figure 18: Cyclic voltammogram of APAP, using glassy carbon as the WE, calomel standard as the RE, and Pt/Ti rod as the CE. 
	For APAP, the scan speed was of 200 mV/s at pH 7.4, and an oxidation peak at +600 mV and a reduction peak at -200 mV were observed. For MDMA, the 
	scan speed was of 250 mV/s at pH 7.4, and an oxidation peak at +500 mV and a reduction peak at -1 V were observed. For METH, the scan speed was of 100 mV/s at pH 7.4, and an oxidation peak at +480 mV and two reduction peaks at -100 mV and -750 mV were observed. For THC, the scan speed was of 50 mV/s at pH 7.4, and an oxidation peak at +700 mV and a reduction peak at +.340 mV were observed.  
	The ideal oxidation voltages determined by CV for each of the drugs under study were determined to be +600 mV for APAP, -1.045 V for MDMA, +480 mV for METH, and +700 mV for THC. When analyzing the different aliquots collected at 5, 10, 20, 30, 40, 50, and 60 min for the bulk electrolysis, it was shown that the abundance on the MS spectra did not change significantly over time for each metabolite generated. For some cases, such as NAPQI, the abundance decreased over time, showing potentially that the metabol
	4.1.4. Full Scan MS analysis of the obtained metabolites:  
	Optimization of the LC-QTOF acquisition method used for the analysis of the metabolites found in the assay systems ensured that a single method could be used to analyze all drugs of interest. Full scan data was collected for each drug after the metabolism with each in vitro approach. Agilent’s Qualitative Analysis B.07.00 software was used to analyze the obtained data, where the chromatograms were extracted using the extracted ion chromatogram (XIC) feature. On XIC, the m/z of potential metabolites are put 
	interest, then the chromatogram is extracted, and the retention times for each compound are recorded for further analysis using targeted MS/MS.  
	 
	Figure
	Figure 19: XIC spectra for NAPQI obtained with the three methods. 
	For APAP, the well-known metabolite N-acetyl-p-benzoquinone imine (NAPQI) with m/z of 150.0550 was found to be formed with all three methods as shown in Figure 19. Two major metabolites were found for MDMA; 3,4-dihydroxymeth-amphetamine (HHMA) and 3,4-methylenedioxyamphetamine (MDA), with m/z of 182.1176 and 180.1025, respectively. These two major metabolites were found with all three in vitro methods and XIC data for them is shown in Figures 20 and 21.  
	 
	Figure
	Figure 20: XIC spectra for HHMA obtained with the three methods. 
	 
	Figure
	Figure 21: XIC spectra for MDA obtained with the three methods. 
	Four minor metabolites were also found with MDMA; 3-hydroxy-4-phenylformylateamphetamine (HFA), with m/z of 210.1125 obtained with the three 
	methods; dihydroxyamphetamine (HHA) with m/z of 168.1025 obtained with the HLM assay only; 4-(2-aminopropyl)-1,2-benzoquinone (quinone derivative) with m/z of 166.0868 obtained with the EC assay only; and 3-hydroxy-propylphenoxyformylic acid amphetamine (HPA) with m/z of 226.1079 obtained with the synthetic MP catalysts only. The XIC data for the minor metabolites found for MDMA can be seen in Appendix 2 a-d. 
	For the metabolism of METH, a major product was found; amphetamine (AMP) with m/z of 136.1126. AMP was found with the three in vitro methods and XIC data for them can be seen in Figure 22. Five other metabolites were also found with the METH metabolism, including a novel metabolite, methcathinone, with m/z of 164.1075 obtained with the HLM assay and synthetic MP catalysts. XIC data for this product can be seen in Figure 23.  
	 
	Figure
	Figure 22: XIC spectra for AMP obtained with the three methods. 
	Other metabolites included N-hydroxy-methamphetamine (N-OH-METH), with m/z of 166.1226, obtained with HLM assay and EC assay; N-hydroxy-amphetamine (N-OH-AMP) with m/z of 152.1075 obtained with the HLM assay; N-1-Phenylpropan-2-yl (imine intermediate) with m/z of 148.1126 obtained with the EC assay; and p-hydroxy-methamphetamine (p-OH-METH) with m/z of 166.1226 obtained with the synthetic MP catalysts. The XIC data for the minor metabolites found for METH can be seen in Appendix 2 e-h. 
	 
	Figure
	Figure 23: XIC spectra for methcathinone obtained with the HLM assay and synthetic metalloporphyrin catalysts. 
	Two major metabolites were found for THC; 11-nor-9-carboxy-Δ9-tetrahy- 
	drocannabinol (11-COOH-THC), and 11-nor-9-carbaldehyde-Δ9-tetrahydrocanna- 
	binol (11-CHO-THC), with m/z of 345.2066 and 329.2111, respectively. These two major metabolites were found with all three in vitro methods; XIC data can be seen in Figures 24 and 25.  
	 
	Figure
	Figure 24: XIC spectra for 11-COOH-THC obtained with the three methods. 
	 
	Figure
	Figure 25: XIC spectra for 11-CHO-THC obtained with the three methods. 
	Three minor metabolites were also found with for THC; 11-hydroxy-Δ9-tetrahydrocannabinol (11-OH-THC) with m/z of 331.2273 obtained with the HLM 
	assay and synthetic MP catalysts; nor-9-methylidene-Δ9-tetrahydrocannabinol (methylidene-THC) with m/z of 313.2162 obtained with all three methods; and 8α,11-dihydroxy-Δ9-tetrahydrocannibinol (dihydroxy-THC) with m/z of 347.2217 obtained with the EC assay and synthetic MP catalysts. The XIC data for the minor metabolites found for METH can be seen in Appendix 2 i-k. 
	4.1.5. Targeted MS/MS analysis of the obtained metabolites  
	4.1.5.1. APAP 
	The results for the biotransformation of APAP for each of the in vitro assays are summarized in Table 3. It was found that NAPQI, the well-known reactive metabolite of APAP was the major and only metabolite found for all three methods.  
	Table 3: Metabolite found with APAP for each assay. 
	Metabolite 
	Metabolite 
	Metabolite 
	Metabolite 
	Metabolite 

	Formula 
	Formula 

	In vitro model 
	In vitro model 

	Observed m/z 
	Observed m/z 

	Fragments 
	Fragments 



	NAPQI 
	NAPQI 
	NAPQI 
	NAPQI 

	C8H8NO2+ 
	C8H8NO2+ 

	HLM assay 
	HLM assay 

	150.0546 
	150.0546 

	108.0449, 80.0502 
	108.0449, 80.0502 


	TR
	EC assay 
	EC assay 

	150.0549 
	150.0549 

	108.0413, 80.0493 
	108.0413, 80.0493 


	TR
	Synthetic MP 
	Synthetic MP 

	150.0550 
	150.0550 

	108.0449, 80.0500 
	108.0449, 80.0500 




	 
	The MS/MS spectrum for NAPQI generated with the HLM assay is shown in Figure 26a. Two characteristic transition ions were present at m/z 80.0502 (C5H6N+) and m/z 108.0449 (C6H6NO+). NAPQI was expected to be found with the HLM assay, since it is a well-known metabolite of APAP and its oxidation is mediated by CYP2E1, CYP1A2, CYP3A4, and CYP2A6 subfamilies of the P450 oxidase system.77  
	 
	Figure
	Figure 26: LC-QTOF-MS/MS spectra for the peaks of interest observed for the APAP metabolite NAPQI, obtained with a) HLM assay; b) EC assay; c) synthetic MP catalysts; d) fragmentation pattern for NAPQI. 
	For the EC assay, the potential for the bulk electrolysis was fixed at +600 mV, as determined by the CV. The MS/MS spectrum for NAPQI generated by EC oxidation is shown in Figure 26b, where APAP is oxidized by losing 2e- and 2H+ leading to the formation of NAPQI, as shown in Figure 27. A similar approach was used by Madsen et al.33 to oxidize paracetamol (APAP) into its reactive metabolites, focusing on the electrochemical generation of NAPQI and posterior trapping with GSH. 
	 
	 
	InlineShape

	Figure 27: Reaction scheme of the EC oxidation of APAP to NAPQI. 
	In the present study, the synthetic MP catalysts were able to successfully mimic the peroxidase oxidation of APAP; the MS/MS spectrum for NAPQI produced in this assay is shown in Figure 26c. The formation of NAPQI via the biomimetic system has been well studied. Bearnadou et al.78 demonstrated the formation of NAPQI with four different water soluble metalloporphyrins containing either Mn or Fe. The best catalyst for the oxidation of APAP was found to be an Fe(IIl) derivative of tetrasodium meso-tetrakis(p-s
	4.1.5.2. MDMA 
	Cytochrome P450 enzymes have been extensively reported to mediate the metabolism of MDMA.79, 80 However, the metabolism of MDMA via synthetic metalloporphyrins has not been reported in the literature. Since a commercial kit was used in this study and as the composition of the MP is proprietary, it is speculated that an Fe(III) porphyrin was responsible for the generation of the MDMA metabolites identified. 
	The voltametric behavior of various amphetamine-like drugs, including AMP, METH, MDA, and MDMA with a glassy carbon electrode was investigated by Garrido et al. 81 With the exception of AMP, the authors found that all of the amphetamines studied are electroactive, and their oxidation mechanism is related to an oxidation process occurring on the aromatic nucleus and/or the secondary amine group present in the molecules. It was also found that the redox 
	biotransformation of MDMA in aqueous media uses the same number of electrons and protons.81  
	The results for the metabolism of MDMA with the three approaches are summarized in Table 4. There were two major metabolites that were found in common with the three methods; HHMA and MDA. Additionally, four minor metabolites were also found; HFA, HHA, HPA and a quinone derivative. 
	Table 4: Metabolites found with MDMA for each system. 
	Metabolite 
	Metabolite 
	Metabolite 
	Metabolite 
	Metabolite 

	Formula 
	Formula 

	In vitro model 
	In vitro model 

	Observed m/z 
	Observed m/z 

	Fragments 
	Fragments 



	HHMA 
	HHMA 
	HHMA 
	HHMA 

	C10H16NO2+ 
	C10H16NO2+ 

	HLM assay 
	HLM assay 

	182.1168 
	182.1168 

	151.0754, 133.0652, 123.0446 
	151.0754, 133.0652, 123.0446 


	TR
	EC oxidation 
	EC oxidation 

	182.1160 
	182.1160 

	151.0755, 133.0646, 123.0434 
	151.0755, 133.0646, 123.0434 


	TR
	Synthetic MP 
	Synthetic MP 

	182.1174 
	182.1174 

	151.0753, 133.0649, 123.0442 
	151.0753, 133.0649, 123.0442 


	MDA 
	MDA 
	MDA 

	C10H14NO2+ 
	C10H14NO2+ 

	HLM assay 
	HLM assay 

	180.1028 
	180.1028 

	163.0759, 135.0444, 105.0702 
	163.0759, 135.0444, 105.0702 


	TR
	EC oxidation 
	EC oxidation 

	180.1017 
	180.1017 

	163.0767, 135.0380 
	163.0767, 135.0380 


	TR
	Synthetic MP 
	Synthetic MP 

	180.1051 
	180.1051 

	163.0717, 135.0433, 105.0697 
	163.0717, 135.0433, 105.0697 


	HFA 
	HFA 
	HFA 

	C11H16NO3+ 
	C11H16NO3+ 

	HLM assay 
	HLM assay 

	210.1121 
	210.1121 

	192.1061, 123.0456, 105.0728 
	192.1061, 123.0456, 105.0728 


	TR
	EC oxidation 
	EC oxidation 

	210.1123 
	210.1123 

	192.1027, 179.0700, 123.0440 
	192.1027, 179.0700, 123.0440 


	TR
	Synthetic MP 
	Synthetic MP 

	210.1117 
	210.1117 

	179.0702, 151.0749, 123.0441 
	179.0702, 151.0749, 123.0441 


	HHA 
	HHA 
	HHA 

	C9H14NO2+ 
	C9H14NO2+ 

	HLM assay 
	HLM assay 

	168.1029 
	168.1029 

	152.0712, 89.0591, 45.0331 
	152.0712, 89.0591, 45.0331 


	Quinone derivative 
	Quinone derivative 
	Quinone derivative 

	C9H12NO2+ 
	C9H12NO2+ 

	EC oxidation 
	EC oxidation 

	166.0868 
	166.0868 

	135.0437, 77.0383 
	135.0437, 77.0383 


	HPA 
	HPA 
	HPA 

	C11H16NO4+ 
	C11H16NO4+ 

	Synthetic MP 
	Synthetic MP 

	226.1076 
	226.1076 

	195.0876, 166.0865, 136.0726 
	195.0876, 166.0865, 136.0726 




	 
	The formation of  HHMA is catalyzed by CYP2D6, CYP1A2, CYP2B6 and CYP3A4 enzymes via O-demethylation, and it is the main metabolite found in humans.79, 80, 82 For the EC assay, the potential set for the bulk electrolysis was fixed at -1.045 V, as determined by the CV. The proposed reaction mechanism involves a water molecule cleaving the methylenedioxy ring, forming methanol and a quinone intermediate. The quinone is then reduced to form HHMA as shown in Figure 28.  
	 
	 
	 
	InlineShape

	Figure 28: Reaction scheme of the EC redox transformation of MDMA to generate HHMA. 
	To aid in the interpretation of the QTOF-MS/MS spectra, fragmentation patterns were compiled using published data and, where not available, fragmentation was predicted using ChemDraw Prime software (PerkinElmer, version 21.0.0) to produce plausible fragments. The QTOF-MS/MS spectra obtained for the major metabolite HHMA for each of the in vitro methods is shown in Figure 29. The spectrum of HHMA ([M+H]+ with m/z 182) shows a loss of methylamine forming the fragment ion with m/z 151; the fragment ion with m/
	 
	Figure
	Figure 29: LC-QTOF-MS/MS spectra for the peaks of interest observed for the MDMA metabolite HHMA, obtained with a) HLM assay; b) EC assay; c) synthetic MP catalysts; d) fragmentation pattern for HHMA. 
	The second major metabolite found was MDA, produced via an N-demethylation reaction catalyzed by CYP2D6, CYP1A2, and CYP2B6 enzymes.82 For the EC assay, the proposed reaction mechanism involves a water molecule attacking the methyl group and forming methanol, then a hydrogen shift from the water molecule to the amine group, as seen in Figure 30. 
	 
	 
	 
	InlineShape

	Figure 30: Reaction scheme of the EC redox transformation of MDMA to generate MDA. 
	The transitions found with the MS/MS spectra of the major metabolite MDA ([M+H]+ with m/z 180) show a loss of NH3 to a fragment ion with m/z 163 and a β-C-C cleavage leading to a 1,3-benzodioxol-5-ylmethylium ion with m/z 135 due to 
	the loss of ethylamine (Figure 31). The fragment ion with m/z 105 can be considered as a secondary fragment of the ion with m/z 135 and corresponds to the cleavage of the methylenedioxy ring. 
	 
	Figure
	Figure 31: LC-QTOF-MS/MS spectra for the peaks of interest observed for the MDMA metabolite MDA, obtained with a) HLM assay; b) EC assay; c) synthetic MP catalysts; d) fragmentation pattern for MDA. 
	The minor metabolite HFA ([M+H]+ with m/z 210) was found with all three methods to generate drug metabolites. It is a novel metabolite of MDMA that has not been reported in the literature before. It is proposed that this new metabolite is formed by the oxidation of the dioxolane ring of MDMA, forming a formylate group, mediated by CYP enzymes in the HLM assay. For the EC assay, the proposed reaction mechanism involves the breakage of the methylenedioxy ring and formation of a carbocation that is attacked by
	 
	 
	InlineShape

	Figure 32: Reaction scheme of the EC redox transformation of MDMA to generate HFA. 
	The MS/MS spectrum of HFA ([M+H]+ with m/z 210) shows a fragment ion at m/z 192 formed by dihydroxylation and a β-C-C cleavage leading to a fragment with m/z 179 due to the loss of ethylamine (Figure 33). The fragment ion with m/z 151 can be considered as a secondary fragment of the ion with m/z 179 and corresponds to a loss of HC=O due to a C-C cleavage. The fragment ion with m/z 123 can be considered as a secondary fragment of the ion with m/z 151 and corresponds due to a β-C-C cleavage leading to a loss 
	 
	 
	Figure
	Figure 33: LC-QTOF-MS/MS spectra for the peaks of interest observed for the MDMA metabolite HFA, obtained with a) HLM assay; b) EC assay; c) synthetic MP catalysts; d) fragmentation pattern for HFA. 
	The minor metabolite HHA ([M+H]+ with m/z 168)  was only seen with the HLM assay, produced by the O-demethylation of MDA to generate HHA and 
	catalyzed by CYP2D6, CYP1A2, CYP2B6 and CYP3A4 enzymes.79 The MS/MS spectrum for HHA (Figure 34a) shows a fragment ion with m/z 152 formed by a demethylation and cleavage of the benzyl ring, leading to a fragment with m/z 89 as seen in Figure 34b. 
	 
	Figure
	Figure 34: LC-QTOF-MS/MS spectra observed for the MDMA metabolites: a) HHA formed with the HLM assay, c) a quinone derivative formed with the EC oxidation, e) HPA formed with the synthetic MP. The proposed fragmentation pattern for each metabolite is also shown, b) HHA, d) quinone derivative, and f) HPA. 
	 
	A quinone derivative ([M+H]+ with m/z 166), was found only with the EC assay. This was not anticipated, as it is a reactive species. However, it was detected with HRMS, suggesting it may be fairly stable. The proposed reaction 
	mechanism involves a water molecule attacking the methylenedioxy ring, breaking the ring, forming methanol and the derivative as seen in Figure 35. The MS/MS spectrum for the quinone derivative (Figure 34c) shows the formation of the fragment with m/z of 77 corresponding to the loss of two oxygen, and a fragment ion with m/z 135 formed by the loss of a methyl group and ammonia (Figure 34d). 
	  
	 
	 
	InlineShape

	Figure 35: Reaction scheme of the EC redox transformation of MDA to generate the quinone derivative. 
	The last metabolite found for MDMA was 3-hydroxy-propylphenoxy-formylic acid amphetamine (HPA) ([M+H]+ with m/z 182) via the synthetic MP catalysts. This is also a novel metabolite that has not been reported in the literature. It is hypothesized that it was formed via the metabolic reaction with an iron(III) porphyrin (FeP). The fragmentation profile for HPA shows the formation of a fragment with m/z of 195, corresponding to the demethylation of the amine and loss of an oxygen in the formic group. Fragment 
	4.1.5.3. METH 
	METH is metabolized in humans mainly through CYP2D6 by aromatic hydroxylation and N-demethylation. A summary of the results of the metabolism of METH with the three different assays is shown in Table 5.  
	Table 5: Metabolites found with METH for each assay. 
	Metabolite 
	Metabolite 
	Metabolite 
	Metabolite 
	Metabolite 

	Formula 
	Formula 

	In vitro model 
	In vitro model 

	Observed m/z 
	Observed m/z 

	Fragments 
	Fragments 



	AMP 
	AMP 
	AMP 
	AMP 

	C9H14N+ 
	C9H14N+ 

	HLM assay 
	HLM assay 

	136.1126 
	136.1126 

	119.0861, 91.0549 
	119.0861, 91.0549 


	TR
	EC oxidation 
	EC oxidation 

	136.1121 
	136.1121 

	119.0864, 105.0664, 91.0539 
	119.0864, 105.0664, 91.0539 


	TR
	Synthetic MP 
	Synthetic MP 

	136.1114 
	136.1114 

	119.0787, 91.0547 
	119.0787, 91.0547 


	Methcathinone 
	Methcathinone 
	Methcathinone 

	C10H14NO+ 
	C10H14NO+ 

	HLM assay 
	HLM assay 

	164.1074 
	164.1074 

	148.1119, 135.0803, 107.0490 
	148.1119, 135.0803, 107.0490 


	TR
	Synthetic MP 
	Synthetic MP 

	164.1076 
	164.1076 

	148.1102, 135.0805, 107.0491 
	148.1102, 135.0805, 107.0491 


	N-OH-METH 
	N-OH-METH 
	N-OH-METH 

	C10H16NO+ 
	C10H16NO+ 

	HLM assay 
	HLM assay 

	166.1226 
	166.1226 

	148.1117, 119.0857, 91.0541 
	148.1117, 119.0857, 91.0541 


	TR
	EC oxidation 
	EC oxidation 

	166.1223 
	166.1223 

	148.1120, 133.0893, 107.0484 
	148.1120, 133.0893, 107.0484 


	TR
	Synthetic MP 
	Synthetic MP 

	166.1214 
	166.1214 

	148.1115, 135.0800, 107.0490 
	148.1115, 135.0800, 107.0490 


	N-OH-AMP 
	N-OH-AMP 
	N-OH-AMP 

	C9H14NO+ 
	C9H14NO+ 

	HLM assay 
	HLM assay 

	152.1075 
	152.1075 

	119.0859, 91.0552 
	119.0859, 91.0552 


	p-OH-METH 
	p-OH-METH 
	p-OH-METH 

	C10H14NO+ 
	C10H14NO+ 

	EC oxidation 
	EC oxidation 

	166.1214 
	166.1214 

	135.0800; 107.0490 
	135.0800; 107.0490 


	Imine derivative 
	Imine derivative 
	Imine derivative 

	C10H14N+ 
	C10H14N+ 

	EC oxidation 
	EC oxidation 

	148.1134 
	148.1134 

	133.0846, 119.0791, 91.0530 
	133.0846, 119.0791, 91.0530 




	 
	Amphetamine was the one major metabolite that was found in common with the three methods. Additionally, five other metabolites were found: methcathinone, N-OH-METH, N-OH-AMP, p-OH-METH, and an imine derivative. The main metabolite found for METH was AMP and it is reported in the literature to be formed by the N-demethylation of METH mediated by CYP2D6 enzyme, 79, 83 which was the pathway of metabolism for the HLM assay. There are no literature reports of in vitro metabolism of METH using EC or synthetic MP 
	 
	 
	InlineShape

	Figure 36: Reaction scheme of the EC redox transformation of METH to generate the AMP. 
	The QTOF-MS/MS spectra obtained for the major metabolite AMP for each of the in vitro methods is shown in Figure 37. The spectra of AMP ([M+H]+ with m/z 136) show the fragment ion m/z 119, resulting from the loss of methylamine; the tropylium ion with m/z 91 is formed due to a β-C-C cleavage; and the secondary fragment with m/z 105 is due to the loss of a methyl group from the ion m/z 119. 
	 
	Figure
	Figure 37: LC-QTOF-MS/MS spectra for the peaks of interest observed for the METH metabolite AMP, obtained with a) HLM assay; b) EC assay; c) synthetic metalloporphyrin catalysts; d) fragmentation pattern for AMP. 
	 
	Another novel METH metabolite found with the HLM assay and the synthetic MP catalysts was methcathinone. This metabolic pathway has not previously been reported in the literature. It is proposed that methcathinone is formed by the oxidation of METH to form a β-keto substituent, possibly via a hydroxylated intermediate, but further work is needed to confirm this mechanism.  
	The QTOF-MS/MS spectra obtained for the methcathinone is shown in Figure 38. The spectra of methcathinone ([M+H]+ with m/z 164) shows the fragment with m/z 148 formed due to the loss of oxygen from the ketone group; the fragment ion m/z 135, resulting from the loss of methylamine; and the fragment ion with m/z 107 is formed due to a β-C-C cleavage. 
	 
	Figure
	Figure 38: LC-QTOF-MS/MS spectra for the peaks of interest observed for the METH metabolite methcathinone, obtained with a) HLM assay; b) synthetic MP catalysts; c) fragmentation pattern for methcathinone. 
	The metabolite N-Hydroxy-N-methyl-1-phenyl-2-propanamine (N-OH-METH) was observed with the HLM assay and the EC assay. N-OH-METH is produced by the hydroxylation of the amine of METH.79 For the EC assay, the proposed reaction mechanism involves a water molecule attacking the amine group, and forming a hydroxyl group and releasing two e- and two H+ are released as shown in Figure 39. 
	 
	 
	InlineShape

	Figure 39: Reaction scheme of the EC redox transformation of METH to generate the N-OH-METH. 
	The MS/MS spectra for N-OH-METH ([M+H]+ with m/z 166) is shown in Figure 40, the fragment ion with m/z 148 is formed by dihydroxylation of the amine, the fragment ion with m/z 133 is formed by dihydroxylation and demethylation of the amine, the fragment ion with m/z 133 is formed by the loss of the N-methylhydroxylamine group, and the tropylium ion with m/z 91 is formed due to a β-C-C cleavage.  
	 
	Figure
	Figure 40: LC-QTOF-MS/MS spectra for the peaks of interest observed for the METH metabolite N-OH-METH, obtained with a) HLM assay; b) EC assay; c) fragmentation pattern for N-OH-METH. 
	 
	The metabolite N-OH-AMP was seen with the HLM assay only. N-OH-AMP is formed by the hydroxylation of the amine group of the metabolite AMP.79 The MS/MS spectra for N-OH-AMP ([M+H]+ with m/z 152) is shown in Figure 41a, the fragment ion with m/z 119 is formed by the loss of hydroxylamine; and the tropylium ion with m/z 91 is formed due to a β-C-C cleavage as seen in Figure 41b.  
	 
	Figure
	Figure 41:LC-QTOF-MS/MS spectra observed for the METH metabolites: a) N-OH-AMP formed with the HLM assay; c) an imine derivative formed with the electrochemistry oxidation, e) p-OH-METH formed with the synthetic MP. The proposed fragmentation pattern for each metabolite is also shown, b) N-OH-AMP; d) imine derivative, and f) p-OH-METH. 
	 
	The imine derivative was seen with EC assay only. The proposed reaction mechanism involves the reduction of the methylamine group to form an imine group as shown in Figure 42. The MS/MS spectra for the imine derivative ([M+H]+ with m/z 148) is shown in Figure 41c, the fragment ion with m/z 133 is formed by the demethylation of the amine and double bond formation of C=N; the fragment ion with m/z 119 is formed by a demethylation due to a β-C-C cleavage, and the tropylium ion with m/z 91 is formed due to a β-
	 
	 
	InlineShape

	Figure 42: Reaction scheme of the EC redox transformation of METH to generate the imine derivative. 
	 
	The metabolite p-OH-METH was seen with synthetic MP catalysts only. p-OH-METH is formed by the hydroxylation of the benzene ring of METH. The MS/MS spectrum for p-OH-METH ([M+H]+ with m/z 166) is shown in Figure 41e. The fragment ion with m/z 135 is formed by the loss of hydroxylamine, and the fragment ion with m/z 107 is formed due to a β-C-C cleavage as seen in Figure 41f. 
	4.1.5.4. THC 
	The summary of the results obtained with THC with the 3 in vitro approaches are shown in Table 6. There were two major metabolites that were found in common with the three methods, 11-COOH-THC, and 11-CHO-THC. Three minor metabolites were also found: 11-OH-THC, 11-dihydroxy-THC, and a methylidene-THC derivative.  
	 
	 
	Table 6: Metabolites found with THC for three assays. 
	Metabolite 
	Metabolite 
	Metabolite 
	Metabolite 
	Metabolite 

	Formula 
	Formula 

	In vitro model 
	In vitro model 

	Observed m/z 
	Observed m/z 

	Fragments 
	Fragments 



	11-COOH-THC 
	11-COOH-THC 
	11-COOH-THC 
	11-COOH-THC 

	C21H29O4+ 
	C21H29O4+ 

	HLM assay 
	HLM assay 

	345.2074 
	345.2074 

	327.1938, 285.1842, 229.1256 
	327.1938, 285.1842, 229.1256 


	TR
	EC oxidation 
	EC oxidation 

	345.2062 
	345.2062 

	299.2066, 287.1612, 259.1637 
	299.2066, 287.1612, 259.1637 


	TR
	Synthetic MP 
	Synthetic MP 

	345.2062 
	345.2062 

	327.1956, 303.1613, 285.1544 
	327.1956, 303.1613, 285.1544 


	11-CHO-THC 
	11-CHO-THC 
	11-CHO-THC 

	C21H29O3+ 
	C21H29O3+ 

	HLM assay 
	HLM assay 

	329.2095 
	329.2095 

	311.2009, 269.1535, 245.1531 
	311.2009, 269.1535, 245.1531 


	TR
	EC oxidation 
	EC oxidation 

	329.2116 
	329.2116 

	311.2001, 271.1694, 231.1380 
	311.2001, 271.1694, 231.1380 


	TR
	Synthetic MP 
	Synthetic MP 

	329.2109 
	329.2109 

	311.1997, 271.1698, 231.1373 
	311.1997, 271.1698, 231.1373 


	11-OH-THC 
	11-OH-THC 
	11-OH-THC 

	C21H31O3+ 
	C21H31O3+ 

	HLM assay 
	HLM assay 

	331.2281 
	331.2281 

	313.2172, 271.1688 
	313.2172, 271.1688 


	TR
	Synthetic MP 
	Synthetic MP 

	331.2236 
	331.2236 

	313.2129, 271.1691, 193.1232 
	313.2129, 271.1691, 193.1232 


	11-dihydroxy-THC 
	11-dihydroxy-THC 
	11-dihydroxy-THC 

	C21H31O4+ 
	C21H31O4+ 

	EC oxidation 
	EC oxidation 

	347.2202 
	347.2202 

	329.2096, 311.2005, 271.1690 
	329.2096, 311.2005, 271.1690 


	TR
	Synthetic MP 
	Synthetic MP 

	347.2217 
	347.2217 

	329.2101, 311.2001, 271.1673 
	329.2101, 311.2001, 271.1673 


	Methylidene -THC 
	Methylidene -THC 
	Methylidene -THC 

	C21H29O2+ 
	C21H29O2+ 

	HLM assay 
	HLM assay 

	313.2172 
	313.2172 

	257.1538, 217.1243, 193.2130 
	257.1538, 217.1243, 193.2130 


	TR
	EC oxidation 
	EC oxidation 

	313.2160 
	313.2160 

	217.1214, 201.0916, 193.1243 
	217.1214, 201.0916, 193.1243 


	TR
	Synthetic MP 
	Synthetic MP 

	313.2137 
	313.2137 

	271.1710, 231.1358, 217.1231 
	271.1710, 231.1358, 217.1231 




	 
	The main metabolite found for THC was 11-COOH-THC, which is a major urinary metabolite in vivo reported to be formed by the oxidation of 11-OH-THC by CYP2C9 and CYP2C19 isozymes.84, 85. There are no literature reports on the metabolism of THC using either EC or synthetic MP biomimetic systems. For the 
	EC assay, the potential set for the bulk electrolysis was fixed at +700 mV, as determined by the CV. The proposed reaction mechanism involves oxidation of the methyl group of the cyclohexene ring, forming a carboxylic acid group as shown in Figure 43. For the synthetic MP catalysts, it is speculated that the metabolites were generated by an iron (III) porphyrin (FeP) catalyst. 
	 
	 
	InlineShape

	Figure 43: Reaction scheme of the EC redox transformation of THC to generate 11-COOH-THC. 
	 
	The MS/MS spectrum for 11-COOH-THC ([M+H]+ with m/z 345) is shown in Figure 44, the fragment ion with m/z 299 is formed due to a β-C-C cleavage and loss of the carboxylic group; the fragment ion with m/z 285 can be considered as a secondary fragment of the ion with m/z 299 and corresponds to a loss of methyl group. The fragment ion with m/z 327 is formed by the dihydroxylation of the benzene ring; and the fragment ion with m/z 327 is formed by the C-C cleavage at the pentyl chain. 
	 
	Figure
	Figure 44: LC-QTOF-MS/MS spectra for the peaks of interest observed for the THC metabolite 11-COOH-THC, obtained with a) HLM assay; b) EC assay; c) synthetic MP catalysts; d) fragmentation pattern for 11-COOH-THC. 
	Darzi et al.86 proposed a gentle electrochemical method for converting THC to its corresponding p-quinone isomer. In comparison to THC, the photophysical and electrochemical properties of the resulting quinone showed a significant shift. This straightforward protocol lays the groundwork for the creation of an electrochemical marijuana breathalyzer. In this work we found a metabolite with the same m/z of 329 as the proposed quinone however, the MS/MS spectra did not match that of the quinone. We propose a di
	 
	 
	InlineShape

	Figure 45: Reaction scheme of the EC redox transformation of THC to generate 11-CHO-THC. 
	 
	The MS/MS spectra for 11-CHO-THC ([M+H]+ with m/z 329) is shown in Figure 46. The fragment ion with m/z 311 is formed by the dihydroxylation of the benzene ring, while the fragment ion with m/z 271 corresponds to the loss of the two methyl groups and the carbaldehyde group. The fragment ion with m/z 245 is formed by the C-C cleavage at the pentyl chain and the carbaldehyde group. 
	 
	 
	Figure
	Figure 46: LC-QTOF-MS/MS spectra for the peaks of interest observed for the THC metabolite 11-CHO-THC, obtained with a) HLM assay; b) EC assay; c) synthetic MP catalysts, d) fragmentation pattern for 11-CHO-THC. 
	Another novel product not previously reported in the literature, a methylidene-THC derivative, was obtained with all three in vitro systems. It is proposed that this derivative is formed by the reduction of the methyl group on position 9. For the EC assay, the proposed reaction mechanism involves the reduction of the methyl group of the cyclohexene ring, as shown in Figure 47.  
	 
	 
	 
	InlineShape

	Figure 47: Reaction scheme of the EC redox transformation of THC to generate methylidene-THC. 
	 
	The MS/MS spectra for the methylidene-THC derivative ([M+H]+ with m/z 313) is shown in Figure 48. The fragment ion with m/z 217 is formed by the loss of the two methyl groups and the pentyl chain, while the fragment ion with m/z 271 corresponds to the loss of the two methyl groups and the methylidene group. The fragment ion with m/z 193 is formed by the loss of the pentyl chain and cleavage of the cyclohexene ring. 
	 
	Figure
	Figure 48: LC-QTOF-MS/MS spectra for the peaks of interest observed for the THC metabolite methylidene-THC, obtained with a) HLM assay; b) EC assay; c) synthetic MP catalysts; d) fragmentation pattern for methylidene-THC. 
	 
	11-OH-THC was found for the HLM assay and for the synthetic MP catalysts. This metabolite was expected to be found, since it is a well-studied metabolite of THC and it is obtained via the oxidation of the methyl group present on the cyclohexene ring catalyzed via cytochromes CYP2C9 and CYP2C19 isozymes.84 The MS/MS spectra for 11-OH-THC ([M+H]+ with m/z 331) is shown in Figure 49. The fragment ion with m/z 313 is formed by the loss of the hydroxyl group on the benzene ring, while the fragment ion with m/z 2
	 
	 
	Figure
	Figure 49: LC-QTOF-MS/MS spectra for the peaks of interest observed for the THC metabolite 11-OH-THC, obtained with a) HLM assay, b) EC synthetic MP catalysts, c) fragmentation pattern for 11-OH-THC. 
	Another hydroxylated product, 11-dihydroxy-THC, was found for the EC assay and for the synthetic MP catalysts. This metabolite has been reported before in the early 70s by Wall87 using an HLM assay, there has been no other report of finding it for the THC metabolism. For the EC assay, the proposed reaction mechanism involves oxidation of the methyl group at the position 9 and the oxidation of the cyclohexene ring, as shown in Figure 50.  
	 
	 
	InlineShape

	Figure 50: Reaction scheme of the EC redox transformation of THC to generate 11-dihydroxy-THC. 
	The MS/MS spectra for 11-dihydroxy-THC ([M+H]+ with m/z 347) is shown in Figure 51. The fragment ion m/z 329 is formed by the loss of the hydroxyl group on the cyclohexene ring; the fragment ion m/z 271 corresponds to the loss of the two methyl groups, the hydroxyl group on the benzene ring and the hydroxymethyl group. The fragment ion with m/z 311 is formed by the loss of the hydroxyl group on the benzene ring, and the hydroxyl group on the cyclohexene ring. 
	 
	Figure
	Figure 51: LC-QTOF-MS/MS spectra for the peaks of interest observed for the THC metabolite 11-dihydroxy-THC, obtained with a) EC assay, b) EC synthetic MP catalysts, c) fragmentation pattern for 11-dihydroxy-THC. 
	In summary, results of the in vitro SM and RM assay studies revealed that the metabolites obtained with the three different in vitro systems exhibited a few common derivatives but also compounds unique to each system. In addition, major metabolites reported in vivo for each drug were also found with all three in vitro systems, i.e., NAPQI, HHMA, AMP, and 11-COOH-THC. With the aid of in silico predictions and the employment of alternative in vitro systems, several new metabolites were found.   
	The synthetic MP and EC assay systems appeared to generate a wider variety of metabolites, including stable and potentially reactive derivatives such as HFA, HPA, an imine derivative, a quinone derivative, 11-CHO-THC, and methylidene-THC. Some of the novel metabolites were also found with the HLM assay, showing that there are still new metabolites that to be found with the most used in vitro system. Results indicate that the use of all three in vitro systems may provide a more complete profile of potential 
	4.2. Task 2 – Assessment of adduct potential with peptides 
	A primary goal of this study was to use in vitro systems to produce reactive metabolites of drugs of abuse and assess the capability of these reactive species to form adducts with reactive biological thiols that could be measured as long-term biomarkers of exposure for drugs of abuse. In Task 2, the capability of reactive drug metabolites to form adducts with GSH and Hb 93Cys was investigated. Additionally, the effectiveness of the in vitro assays for semi-preparative synthesis of peptide standards for a Q
	This part of the work was done using the HLM and the EC assays. It was decided to not move forward to this stage with the synthetic MPs, due to the harsh organic solvents present in the BMO kits. This study aimed to perform all metabolism in an aqueous ammonium bicarbonate buffer with physiological pH. The use of organic solvents in the trapping phase could cause the denaturing of the Hb 93Cys peptide which could impair its reactivity and use as a trapping agent. 
	4.2.1. GSH adduction studies 
	Among the known reactive sites within protein structure, cysteine, lysine, and histidine represent the most reactive nucleophiles. The free thiol within glutathione is one of the most reactive biological nucleophiles known, allowing the molecule to intercept potentially harmful reactive electrophiles in vivo. In the initial part of this Task, drug adducts with GSH were detected via HLM assay using positive mode ionization for APAP, COC, and MDMA. Table 7 summarizes the MS/MS data collected for these drugs, 
	 
	Table 7: Summary table of the MS/MS data collected for glutathione adducts obtained with the HLM assay. 
	Drug 
	Drug 
	Drug 
	Drug 
	Drug 

	Composition 
	Composition 

	Adducted GSH [M+H]+ 
	Adducted GSH [M+H]+ 

	Mass error (ppm) 
	Mass error (ppm) 

	Previously Reported 
	Previously Reported 



	APAP 
	APAP 
	APAP 
	APAP 

	APAP + GSH - 2H 
	APAP + GSH - 2H 

	457.1393 
	457.1393 

	1.53 
	1.53 

	Zhu et al. (2007)88  
	Zhu et al. (2007)88  


	COC 
	COC 
	COC 

	COC + GSH + O 
	COC + GSH + O 

	627.2331 
	627.2331 

	-1.75 
	-1.75 

	Schneider and DeCaprio (2013)8 
	Schneider and DeCaprio (2013)8 


	MDMA 
	MDMA 
	MDMA 

	MDA + GSH 
	MDA + GSH 

	487.1863 
	487.1863 

	-2.87 
	-2.87 

	Meyer et al. (2014)2 
	Meyer et al. (2014)2 




	 
	The objective of these experiments was to find additional GSH adducts that were not previously seen in the negative ionization mode studies. However, this 
	goal was not successful, as the adducts identified had already been previously reported in the literature. These experiments also showed that positive mode ionization is not ideal for the MS-based analysis of GSH adducts.  
	Adduction studies with GSH were also done with the EC assay, and the summary of the results obtained for APAP and THC are shown in Table 8. For this study, a new electrode with a higher surface area was employed; a mesh Pt WE. This was done in order to have a higher rate of conversion of drug to RM and to provide a higher yield of adducts as well. The bulk electrolysis potential for APAP was +600 mV and for THC it was +450 mV. The optimal duration of the bulk electrolysis was determined to be 10 min for bot
	 
	Table 8: Summary table of the MS/MS data collected for GSH adducts obtained with the EC assay. 
	Drug 
	Drug 
	Drug 
	Drug 
	Drug 

	Composition 
	Composition 

	Adducted GSH [M+H]+ 
	Adducted GSH [M+H]+ 

	Mass error (ppm) 
	Mass error (ppm) 



	APAP 
	APAP 
	APAP 
	APAP 

	GSH + APAP - 2H 
	GSH + APAP - 2H 

	455.1220 
	455.1220 

	-4.8 
	-4.8 


	APAP 
	APAP 
	APAP 

	GSH + APAP + O - 2H 
	GSH + APAP + O - 2H 

	471.1229 
	471.1229 

	8.1 
	8.1 


	THC 
	THC 
	THC 

	GSH + 11-OH-THC - 2H 
	GSH + 11-OH-THC - 2H 

	634.2858 
	634.2858 

	8.5 
	8.5 


	THC 
	THC 
	THC 

	GSH + 11-COOH-THC -2H 
	GSH + 11-COOH-THC -2H 

	650.2733 
	650.2733 

	-3.1 
	-3.1 


	THC 
	THC 
	THC 

	GSH + 11-COOH-THC + OH - 2H 
	GSH + 11-COOH-THC + OH - 2H 

	666.2747 
	666.2747 

	6.8 
	6.8 




	 
	Figure 52 shows the negative mode MS/MS obtained for the GSH adducts found with the EC assay. The fragment ions for the GSH + APAP - 2H adduct 
	included the molecular ion (m/z 455), five fragments specific to GSH (m/z 272, 254, 210, 143, and 128), and a fragment corresponding to the drug moiety bound to the sulfur of GSH (m/z 182). A second APAP adduct was also found, GSH + APAP + O - 2H (m/z 471), and four fragments consistent with GSH modification (m/z 272, 210, 143, and 128) in addition to a fragment corresponding to the drug moiety bound to the sulfur of GSH (m/z 198). 
	 
	 
	Figure
	 
	Figure
	Figure 52: MS/MS data for the APAP GSH adducts obtained with the EC assay. The data are shown at 10 eV (top), 20 eV (middle), and 40 eV (bottom). Arrows point to relevant peaks. 
	  
	Figure
	Figure
	Figure
	Figure 53: MS/MS data for the THC GSH adducts obtained with the EC assay. The data are shown at 10 eV (top), 20 eV (middle), and 40 eV (bottom). Arrows point to relevant peaks. 
	Three THC adducts were found as shown in Figure 53. The first showed a [M-H]- ion at m/z 634, consistent with GSH + 11-OH-THC - 2H modification, a fragment specific to GSH was found at m/z 306. The second THC adduct had a [M-H]- ion at m/z 650, which is consistent with GSH + 11-COOH-THC -2H modification; two fragments specific to GSH were found at m/z 377 and 272. Lastly, the adduct GSH + 11-COOH-THC + OH - 2H exhibited a [M-H]- ion at m/z 666 and showed a drug-specific fragment at m/z 393. 
	The results found for the EC assay with GSH adduction were consistent with the previously published work done by Gilliland and DeCaprio using HLM assay.24 These data demonstrate that the EC assay can be employed as an alternative to HLM assay for the generation of drug adducted peptides. However, the yields of such products are likely still too low to support use of EC to produce adducted GSH standards. 
	4.2.2. Preliminary IAM adduction study 
	In the next part of the study, the specific tryptic peptide containing the reactive 93Cys residue of β-globin (i.e., Hb 93Cys peptide) was custom synthesized and used as trapping agent in the in vitro assays. As a positive control, Hb 93Cys peptide with conversion of the thiol with a known alkylating agent was prepared by incubation with IAM, as described in the methodology section. This product was needed to confirm the ability of the data analysis to identify the exact location of an adduct within the p
	MS spectrum of the control and adducted peptide. The observed mass differential of +91.4614 Da on the doubly charged peptide (at 802.8012 Da in Figure 54) is consistent with a single covalent modification of the 93Cys by IAM. However, the presence of unadducted peptide ion (at 771.3398 Da) indicates that the conversion by IAM was not stoichiometric.  
	 
	Figure
	Figure 54: MS spectra of A) control and B) IAM adducted Hb 93Cys peptide. 
	  
	4.2.3. Targeted MS/MS analysis of the drug-peptide adducts 
	The Hb 93Cys peptide was then utilized in the HLM assay as a trapping agent for RM of selected drugs. Theoretical covalent modifications for selected drugs and/or their metabolites were added as target ions to the BioConfirm software via Sequence Manager. MS/MS analysis was then performed to confirm 
	the location of the putative adducts at the Cys moiety. The summary of the results for APAP, cocaine, MDMA and METH are shown in Table 9.  
	Table 9: MS/MS results for HLM metabolism of APAP, cocaine, and MDMA. 
	Drug 
	Drug 
	Drug 
	Drug 
	Drug 

	Molecular Ion (m/z) 
	Molecular Ion (m/z) 

	Composition 
	Composition 

	Fragment Ions (m/z) 
	Fragment Ions (m/z) 

	Fragment Ions (ID) 
	Fragment Ions (ID) 



	APAP 
	APAP 
	APAP 
	APAP 

	1608.6776 
	1608.6776 

	Hb peptide + APAP + K 
	Hb peptide + APAP + K 

	1412.6018, 1364.6195, 1220.5347, 615.3101 
	1412.6018, 1364.6195, 1220.5347, 615.3101 

	y11-H2O, c11, z9, y9+2 
	y11-H2O, c11, z9, y9+2 


	TR
	799.8614 
	799.8614 

	Hb peptide + NAPQI + OH + CH3 
	Hb peptide + NAPQI + OH + CH3 

	920.3594, 792.3422, 525.1634, 450.2489, 120.0797 
	920.3594, 792.3422, 525.1634, 450.2489, 120.0797 

	b9, y5, y3-NH3, a5, F 
	b9, y5, y3-NH3, a5, F 


	TR
	515.9012 
	515.9012 

	Hb peptide + 1,4-benzoquinone + OH 
	Hb peptide + 1,4-benzoquinone + OH 

	600.1768, 534.7370, 425.1125, 304.1009, 110.0708, 86.0956 
	600.1768, 534.7370, 425.1125, 304.1009, 110.0708, 86.0956 

	x9+2, y8+2, y6-H2O+2, y4-H2O+2, H, L 
	x9+2, y8+2, y6-H2O+2, y4-H2O+2, H, L 


	COC 
	COC 
	COC 

	801.9225 
	801.9225 

	Hb peptide + ecgonidine + CH3 
	Hb peptide + ecgonidine + CH3 

	681.3525, 516.2908, 403.2036, 221.1280, 120.0799 
	681.3525, 516.2908, 403.2036, 221.1280, 120.0799 

	y4, y12+3, y9-H2O+3, y4-H2O+3, F 
	y4, y12+3, y9-H2O+3, y4-H2O+3, F 


	MDMA 
	MDMA 
	MDMA 

	1600.7676 
	1600.7676 

	Hb peptide + HHA + H + CH3 
	Hb peptide + HHA + H + CH3 

	1263.6065, 1099.5070, 615.2769, 302.0356 
	1263.6065, 1099.5070, 615.2769, 302.0356 

	x9, y9-H2O, y9+2, y6-NH3+3 
	x9, y9-H2O, y9+2, y6-NH3+3 


	TR
	539.5802 
	539.5802 

	Hb peptide + Aminochrome + O + OH 
	Hb peptide + Aminochrome + O + OH 

	647.2571, 504.1562, 414.1393, 362.1625, 110.0708 
	647.2571, 504.1562, 414.1393, 362.1625, 110.0708 

	y10- NH3+2, y7-H2O+2, y9+3, x4+2, H 
	y10- NH3+2, y7-H2O+2, y9+3, x4+2, H 


	METH 
	METH 
	METH 

	784.8806 
	784.8806 

	Hb peptide + methcathinone 
	Hb peptide + methcathinone 

	718.3388, 641.2211, 544.6038, 479.2164, 348.0664, 129.0990 
	718.3388, 641.2211, 544.6038, 479.2164, 348.0664, 129.0990 

	x11+2, a11+2, y8+2, x11+3, a4, K 
	x11+2, a11+2, y8+2, x11+3, a4, K 




	 
	Three peptide modifications were found for APAP and their MS/MS spectra can be seen in Figure 55. The first drug-peptide adduct found with APAP exhibited a mass differential of m/z +188.0108 and was consistent with the addition of APAP 
	at 93Cys plus K+ ion. With further analysis by Protein Prospector, four diagnostic fragment ions were found, being that y11-H2O, c11, z9 and y9+2 contained the adducted thiol. 
	   
	Figure
	Figure
	Figure
	Figure 55: QTOF MS/MS spectra of Hb β93Cys peptide modified by APAP obtained with the HLM trapping assay, A) Hb peptide + APAP + K,  B) Hb peptide + NAPQI + OH + CH3, and C) Hb peptide + 1,4-benzoquinone + OH. 
	The second modification exhibited a mass differential of m/z +177.0426, consistent with a NAPQI modification at 93Cys, a hydroxylation at 95Lys, and a methylation at 92His. Two characteristic fragments were found (y5 and y3-H2O) that contained the adducted thiol. The third adduct found with APAP exhibited a mass 
	differential of m/z +124.0160, identified as a 1,4-benzoquinone modification at 93Cys and a hydroxylation at 95Lys. Four diagnostic fragments were found (x9+2, y8+2, y6-H2O, and y4-H2O) that contained the adducted thiol. 
	  
	Figure
	Figure
	Figure
	Figure
	Figure 56: QTOF MS/MS spectra of Hb β93Cys peptide modified by APAP obtained with the HLM trapping assay, A) Hb peptide + ecgonidine + CH3, B) Hb peptide + HHA + H + CH3, C) Hb peptide + Aminochrome + O + OH, D) Hb peptide + methcathinone. 
	For cocaine, one drug-peptide adduct was found, with a mass differential of m/z +178.0868, consistent with an ecgonidine modification at 93Cys and a methylation at 95Lys. Three diagnostic fragments of the adducted Hb molecule were found (y4, y9-H2O+3, y4-H2O+3) that contained the adducted thiol as shown in Figure 56A.  
	For MDMA, two drug-peptide adducts were found, the first with a mass differential of m/z +179.0946 consisting of an HHA modification at 93Cys and a methylation at 95Lys as seen in Figure 56B. Four diagnostic fragments were found (x9, y9-H2O, y9+2, y6-NH3+3) that contained the adducted thiol. The second peptide adduct exhibited a mass differential of m/z +195.0532 consistent with an aminochrome plus oxygen modification at 93Cys and a hydroxylation at 95Lys as seen in Figure 56C. Four diagnostic fragments wer
	For METH, one drug-peptide adduct was found, with a mass differential of m/z +147.0809 consisting of a methcathinone modification at 93Cys as seen in Figure 56D. Four diagnostic fragments were found, (x11+2, a11+2, y8+2, x11+3) that contained the adducted thiol. The in vitro enzymatic metabolism was also performed for THC; however, no peptide adducts were detected. 
	EC trapping assay MS/MS results for the Hb 93Cys peptide treated with APAP, COC, MDMA, METH, and THC are shown in Table 10. Three peptide adducts were found with APAP and their MS/MS spectra can be seen in Figure 57.  
	Table 10: MS/MS data for Hb 93Cys peptide adducts observed with the EC oxidation of APAP, cocaine, and THC. 
	Drug 
	Drug 
	Drug 
	Drug 
	Drug 

	Molecular Ion (m/z) 
	Molecular Ion (m/z) 

	Composition 
	Composition 

	Fragment Ions (m/z) 
	Fragment Ions (m/z) 

	Fragment Ions (ID) 
	Fragment Ions (ID) 



	APAP 
	APAP 
	APAP 
	APAP 

	1570.7206 
	1570.7206 

	Hb peptide + APAP 
	Hb peptide + APAP 

	982.3930, 875.3585, 514.2050, 373.2259, 277.1282 
	982.3930, 875.3585, 514.2050, 373.2259, 277.1282 

	y7, y6-H2O, y3, y5-H2O, a3 
	y7, y6-H2O, y3, y5-H2O, a3 


	TR
	793.8614 
	793.8614 

	Hb peptide + APAP + OH 
	Hb peptide + APAP + OH 

	706.8351, 573.3008, 460.2171, 377.1816, 288.1333, 262.1353, 147.1118 
	706.8351, 573.3008, 460.2171, 377.1816, 288.1333, 262.1353, 147.1118 

	a12+2, b6-H2O, b5-H2O, b4, b3-H2O, y2, y1 
	a12+2, b6-H2O, b5-H2O, b4, b3-H2O, y2, y1 


	TR
	1569.7128 
	1569.7128 

	Hb peptide + NAPQI 
	Hb peptide + NAPQI 

	1425.6047, 1310.5825, 1058.5241, 765.3285, 390.1187, 288.1302 
	1425.6047, 1310.5825, 1058.5241, 765.3285, 390.1187, 288.1302 

	b12, b11, b10, y5, y9-H2O+3, b3-H2O 
	b12, b11, b10, y5, y9-H2O+3, b3-H2O 


	COC 
	COC 
	COC 

	534.9326 
	534.9326 

	Hb peptide + ecgonidine + CH3 
	Hb peptide + ecgonidine + CH3 

	1012.4773, 796.3858, 454.7086, 120.0796 
	1012.4773, 796.3858, 454.7086, 120.0796 

	y7, y5, y6-NH3+2, F 
	y7, y5, y6-NH3+2, F 


	MDMA 
	MDMA 
	MDMA 

	1614.7977 
	1614.7977 

	Hb peptide + MDMA 
	Hb peptide + MDMA 

	769.4709, 620.5840, 457.6662 
	769.4709, 620.5840, 457.6662 

	y12-H2O+2, y9+2, b5-H2O 
	y12-H2O+2, y9+2, b5-H2O 


	METH 
	METH 
	METH 

	529.9148 
	529.9148 

	Hb peptide + benzoic acid + OH + CH3 
	Hb peptide + benzoic acid + OH + CH3 

	488.9085, 393.1924, 344.0709 
	488.9085, 393.1924, 344.0709 

	y7-H2O+2, y5+2, x4+2 
	y7-H2O+2, y5+2, x4+2 


	THC 
	THC 
	THC 

	882.4317 
	882.4317 

	Hb peptide + 11-CHO-THC + OH 
	Hb peptide + 11-CHO-THC + OH 

	874.4270, 573.2977, 377.1789, 288.1344  
	874.4270, 573.2977, 377.1789, 288.1344  

	[M+2H]+2, b6-H2O, b4, b3-H2O 
	[M+2H]+2, b6-H2O, b4, b3-H2O 




	 
	The first drug-peptide found for APAP exhibited a mass differential of m/z +149.0477, consistent with addition of APAP at 93Cys. Protein Prospector analysis 
	indicated four diagnostic fragments (y7, y6-H2O, y3, and y5-H2O) that contained the adducted thiol. The second drug-peptide adduct found for APAP exhibited a mass differential of m/z +165.0426, characteristic of addition of APAP at 93Cys, and hydroxylation at 95Lys. A single diagnostic fragment (a12+2) that contained the adducted thiol was noted. The third adduct found with APAP exhibited a mass differential of m/z +164.0348, corresponding to a NAPQI modification at 93Cys and a hydroxylation at 95Lys. Four 
	   
	Figure
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	Figure
	Figure 57: QTOF MS/MS spectra of Hb β93Cys peptide modified by APAP obtained with the EC trapping assay, A) Hb peptide + APAP,  B) Hb peptide + APAP + OH, and C) Hb peptide + NAPQI. 
	For cocaine, a single modified peptide species was found, with a mass differential of m/z +193.1103, consistent with addition of an ecgonidine moiety at 93Cys and a methylation at 95Lys. Three diagnostic fragments (y12-H2O+2, y9+2, and b5-H2O) that contained the adducted thiol were identified.  
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	Figure 58: QTOF MS/MS spectra of Hb β93Cys peptide modified by COC, MDMA, METH and THC obtained with the EC trapping assay, A) Hb peptide + ecgonidine + CH3,  B) Hb peptide + MDMA, C) Hb peptide + benzoic acid + OH + CH3 and D) Hb peptide + 11-CHO-THC + OH. 
	A single modified peptide species was found for METH, with a mass differential of m/z +150.0317, consistent with addition of a benzoic acid moiety at 93Cys, a hydroxylation at 95Lys, and a methylation at 92His. Three diagnostic fragments (y7-H2O+2, y5+2, and x4+2) that contained the modified thiol were found.  
	For THC, a single modified peptide species was found, with a mass differential of m/z +342.1831, consistent with addition of a 11-CHO-THC moiety at 93Cys and hydroxylation at 95Lys. Three diagnostic fragments (b6-H2O, b4, b3-H2O) were found. 
	In both the HLM and EC studies, the yield of drug adducted Hb 93Cys peptide was generally low and inadequate for use as a semi-preparative method. This was surprising in view of the demonstrated high reactivity of the Hb 93Cys moiety in the intact protein. Consequently, a computer analysis was performed on the Hb β93Cys peptide using the VMD software developed by the University of Illinois at Urbana–Champaign. The VMD software is used to visualize, model, and analyze biological systems such as proteins, p
	The Licorice representation of Hb β93Cys peptide is shown in Figure 57 and was to examine the intramolecular interactions present in the isolated peptide that 
	could influence the reactivity of the 93Cys thiol. The thiol moiety is represented by the color yellow in the Licorice representation, and as can be seen in the Figure, its spatial conformation is in close proximity to a neighboring serine hydroxyl group. This can help account for the relatively low reactivity observed for the isolated peptide, since the thiol could be tied up in intramolecular H-bonding with this serine and thus be less reactive to an exogenous electrophile. In contrast, the Hb 93Cys pre
	 
	Figure
	Figure 59: Licorice representation of Hb β93Cys peptide generated with the Visual Molecular Dynamics (VMD) software. 
	In summary, results of the Task 2 in vitro trapping assay studies with GSH and the Hb 93Cys peptide revealed that both HLM and EC oxidation assays can be effectively employed to identify thiol modifications formed by RM of drugs of abuse. However, yields of such products are too low to support use of these assays 
	for synthesis of adducted peptide standards, Nevertheless, the demonstrated ability of the selected drugs to covalently modify the β-Hb peptide containing the reactive β93Cys suggests that such modifications could be monitored as an alternative to clinical and forensic hair analysis for retrospective exposure assessment. 
	4.3. Task 3 – Development of an MRM method for adducted peptide screening 
	For screening of in vitro modified Hb 93Cys peptide, and ultimately, proteins obtained from authentic blood specimens, an MRM LC-QqQ-MS method is needed. Several techniques for global profiling of Cys thiol adducts and for confirming specific protein modifications have been developed over the past decade32,33. In this method, data generated during the in vitro trapping experiments and QTOF-MS analysis for each drug/peptide combination was utilized for preliminary studies on an MRM based detection method. Fo
	Agilent MassHunter Optimizer software was used in order to identify the transitions, associated collision energy, and optimal fragmentor voltage for each of the Hb 93Cys peptide adducts found in Task 2. The abundance of the data acquired from the HLM assay was insufficient to be seen in the LRMS instrument. 
	However, a few drug-Hb 93Cys peptide adducts obtained with the EC assay were successfully detected and two transitions were found with the dMRM method. The Optimizer summary table for the experimental conditions found for the detected adducts are shown in Appendix 4.  Results for APAP, MDMA, and THC are shown in Table 11 and Figure 58.  
	Table 11: MRM data for Hb 93Cys peptide adducts observed with the electrochemical oxidation of APAP, MDMA, and THC. 
	Drug 
	Drug 
	Drug 
	Drug 
	Drug 

	Molecular Ion (m/z) 
	Molecular Ion (m/z) 

	Composition 
	Composition 

	Fragments (m/z) 
	Fragments (m/z) 

	Fragments (ID) 
	Fragments (ID) 



	APAP 
	APAP 
	APAP 
	APAP 

	785.9 
	785.9 

	Peptide + APAP - H 
	Peptide + APAP - H 

	110.1; 807.4 
	110.1; 807.4 

	H; b8 
	H; b8 


	TR
	764.3 
	764.3 

	Peptide + 1,4-Benzoquinone - H 
	Peptide + 1,4-Benzoquinone - H 

	120.1; 789.4 
	120.1; 789.4 

	F; b8-H2O 
	F; b8-H2O 


	MDMA 
	MDMA 
	MDMA 

	801.9 
	801.9 

	Peptide + HHA + H + CH2 
	Peptide + HHA + H + CH2 

	721.8; 830.0 
	721.8; 830.0 

	b12+2; y8-H2O+2 
	b12+2; y8-H2O+2 


	THC 
	THC 
	THC 

	588.6 
	588.6 

	Peptide + 11-CHO-THC - H + OH 
	Peptide + 11-CHO-THC - H + OH 

	573.3; 866.4  
	573.3; 866.4  

	b6-H2O, MH-H2O+2 
	b6-H2O, MH-H2O+2 




	 
	Two peptide adducts were found with APAP. The first exhibited a mass differential of m/z +149, consistent with addition of APAP and loss of H. Two transitions were found with the MRM study for this adduct (H and b8). The second adduct found with APAP exhibited a mass differential of m/z +109, corresponding to a 1,4-benzoquinone modification on 93Cys, and two diagnostic fragments (F and b8-H2O) were found. 
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	Figure 60: MRM spectra of Hb β93Cys peptide modified by APAP (A-B), MDMA (B), and THC (D) obtained with the electrochemical trapping assay. 
	For MDMA, one peptide adduct was found, the first with a mass differential of m/z +179 consistent with an HHA modification 93Cys and a methylation on 95Lys. Two diagnostic fragments were found (b12+2; y8-H2O+2) and the y8 fragment 
	contains the adducted thiol. Lastly, for THC, a single modified peptide species was found, with a mass differential of m/z +342, consistent with addition of a 11-CHO-THC moiety on 93Cys and hydroxylation on 95Lys. Two diagnostic fragments (b6-H2O, MH-H2O+2) were found. 
	In summary, results for Task 3 showed that the adducted peptide products formed in the EC assay can be detected using an LRMS LC-QqQ-MS MRM method. The original goal was to adapt a method developed by Osaki et al.11, which consists of populating a master table of MS ∆ m/z shift values associated with the peptide precursor ion (e.g., [Hb β93Cys M+∆+nH]n+ ion) and multiple corresponding product ions (e.g., bn+∆ and yn+∆ ions). However, to be able to use the Osaki method there needs to be an identification of 
	Consequently, additional work will be required to develop a reliable LRMS method for Hb adduct detection. Specifically, major Hb β93Cys adducts for each drug need to be identified, followed by synthesis of corresponding adducted peptide standards. This could be achieved by further development of the EC assay. Furthermore, an enrichment assay needs to be employed after the adduction has been performed to concentrate the adducted peptides and eliminate the unadducted forms. Such an enrichment assay is current
	SUMMARY AND PROSPECT 
	The goal of this research was to investigate the metabolism of drugs of abuse using three different in vitro systems, and to assess the potential for the metabolites generated to form adducts with thiol containing peptides. This was accomplished through a series of steps, the optimization and application of the three in vitro systems: HLM assay, EC assay and synthetic MP catalysts. This work successfully compiled a list of the metabolites obtained with each method and compared them. This work also identifie
	This research was also able to successfully collect HRMS and MS/MS data for four GSH adducts and eleven Hb β93Cys adducts formed by the drugs of interest, thus confirming the adduction by APAP, COC, MDMA and THC. This work has a wide range of potential applications in the field of forensics. Hair analysis is currently the only method available for long-term detection of illicit drug use. However, hair analysis faces methodological and interpretive challenges, and the mechanisms by which most drugs incorpora
	individual drugs, based on the MS/MS data collected for an individual's sample it may be possible to confirm not only the class of drugs consumed, but also the exact drug consumed. Long-term biomarkers of exposure are a favorable and effective application of protein adducts formed by drugs of abuse due to their specificity and overall stability. 
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	APPENDICES 
	Appendix 1. Summary of the FIA data obtained for the synthetic MP assay using the screening and optimization BMO kits. 
	a) FIA data for the screening BMO kit with APAP; best condition is shown in red. 
	Solvent 1 - APAP 
	Solvent 1 - APAP 
	Solvent 1 - APAP 
	Solvent 1 - APAP 
	Solvent 1 - APAP 

	Solvent 2 - APAP 
	Solvent 2 - APAP 



	Condition 
	Condition 
	Condition 
	Condition 

	Positive mode m/z 
	Positive mode m/z 

	Condition 
	Condition 

	Positive mode m/z 
	Positive mode m/z 


	A1 
	A1 
	A1 

	152.0712 
	152.0712 

	A1 
	A1 

	152.0710; 301.1191 
	152.0710; 301.1191 


	A2 
	A2 
	A2 

	152.0709 
	152.0709 

	A2 
	A2 

	152.0705; 301.1180 
	152.0705; 301.1180 


	A3 
	A3 
	A3 

	152.0707; 301.1181 
	152.0707; 301.1181 

	A3 
	A3 

	152.0707; 301.1185 
	152.0707; 301.1185 


	A4 
	A4 
	A4 

	152.0707 
	152.0707 

	A4 
	A4 

	152.071 
	152.071 


	A5 
	A5 
	A5 

	152.0708 
	152.0708 

	A5 
	A5 

	152.0710; 301.1189 
	152.0710; 301.1189 


	A6 
	A6 
	A6 

	150.0551; 301.1186 
	150.0551; 301.1186 

	A6 
	A6 

	152.0709 
	152.0709 


	B1 
	B1 
	B1 

	152.0712 
	152.0712 

	B1 
	B1 

	152.0705; 301.1188 
	152.0705; 301.1188 


	B2 
	B2 
	B2 

	- 
	- 

	B2 
	B2 

	152.0710; 301.1178 
	152.0710; 301.1178 


	B3 
	B3 
	B3 

	- 
	- 

	B3 
	B3 

	152.0704; 301.1175 
	152.0704; 301.1175 


	B4 
	B4 
	B4 

	152.0707 
	152.0707 

	B4 
	B4 

	152.071 
	152.071 


	B5 
	B5 
	B5 

	- 
	- 

	B5 
	B5 

	152.071 
	152.071 


	B6 
	B6 
	B6 

	- 
	- 

	B6 
	B6 

	- 
	- 


	C1 
	C1 
	C1 

	152.0705; 301.1195 
	152.0705; 301.1195 

	C1 
	C1 

	152.0710; 301.1177 
	152.0710; 301.1177 


	C2 
	C2 
	C2 

	- 
	- 

	C2 
	C2 

	150.0551 
	150.0551 


	C3 
	C3 
	C3 

	- 
	- 

	C3 
	C3 

	- 
	- 


	D1 
	D1 
	D1 

	152.0710; 301.1190 
	152.0710; 301.1190 

	D1 
	D1 

	152.0708; 301.1185 
	152.0708; 301.1185 


	D2 
	D2 
	D2 

	152.0712; 301.1178 
	152.0712; 301.1178 

	D2 
	D2 

	152.0712; 301.1186 
	152.0712; 301.1186 


	D3 
	D3 
	D3 

	152.0706; 301.1186 
	152.0706; 301.1186 

	D3 
	D3 

	152.0705; 301.1177 
	152.0705; 301.1177 


	D4 
	D4 
	D4 

	152.0711 
	152.0711 

	D4 
	D4 

	152.0707; 301.1185 
	152.0707; 301.1185 


	E1 
	E1 
	E1 

	152.0707; 301.1184 
	152.0707; 301.1184 

	E1 
	E1 

	152.0710; 301.1187 
	152.0710; 301.1187 


	E2 
	E2 
	E2 

	152.0710; 301.1185 
	152.0710; 301.1185 

	E2 
	E2 

	152.0709; 301.1185 
	152.0709; 301.1185 


	E3 
	E3 
	E3 

	152.0706 
	152.0706 

	E3 
	E3 

	152.0702 
	152.0702 


	F1 
	F1 
	F1 

	152.0712 
	152.0712 

	F1 
	F1 

	152.0709 
	152.0709 


	F2 
	F2 
	F2 

	152.0713 
	152.0713 

	F2 
	F2 

	152.0706 
	152.0706 


	F3 
	F3 
	F3 

	152.0711 
	152.0711 

	F3 
	F3 

	152.0708 
	152.0708 




	 
	 
	b) FIA data for the screening BMO kit with MDMA; best condition is shown in red. 
	Solvent 1 
	Solvent 1 
	Solvent 1 
	Solvent 1 
	Solvent 1 

	Solvent 2 
	Solvent 2 



	Condition 
	Condition 
	Condition 
	Condition 

	Positive mode m/z 
	Positive mode m/z 

	Condition 
	Condition 

	Positive mode m/z 
	Positive mode m/z 


	A1 
	A1 
	A1 

	194.1170; 196.1233 
	194.1170; 196.1233 

	A1 
	A1 

	194.1172; 196.1235 
	194.1172; 196.1235 


	A2 
	A2 
	A2 

	179.0883; 180.0984; 182. 1165; 194.1163; 196.1209 
	179.0883; 180.0984; 182. 1165; 194.1163; 196.1209 

	A2 
	A2 

	194.1171; 196.1229 
	194.1171; 196.1229 


	A3 
	A3 
	A3 

	194.1169; 196.1228 
	194.1169; 196.1228 

	A3 
	A3 

	194.117; 196.1229 
	194.117; 196.1229 


	A4 
	A4 
	A4 

	194.1170; 196.1234 
	194.1170; 196.1234 

	A4 
	A4 

	194.1170; 196.1232 
	194.1170; 196.1232 


	A5 
	A5 
	A5 

	168.1019; 179.0892; 180.1005; 182.1175; 194.1175; 196.1228 
	168.1019; 179.0892; 180.1005; 182.1175; 194.1175; 196.1228 

	A5 
	A5 

	168.1015; 194.1169; 196.1230 
	168.1015; 194.1169; 196.1230 


	A6 
	A6 
	A6 

	168.1010; 194.1169; 196.1195 
	168.1010; 194.1169; 196.1195 

	A6 
	A6 

	194.1169; 196.1231 
	194.1169; 196.1231 


	B1 
	B1 
	B1 

	194.1171; 196.1229 
	194.1171; 196.1229 

	B1 
	B1 

	194.1170; 196.1231 
	194.1170; 196.1231 


	B2 
	B2 
	B2 

	168.1012; 182.1166; 194.1169; 196.0967 
	168.1012; 182.1166; 194.1169; 196.0967 

	B2 
	B2 

	168.1011; 180.0980; 182.1168; 194.1169; 196.1214 
	168.1011; 180.0980; 182.1168; 194.1169; 196.1214 


	B3 
	B3 
	B3 

	194.1171; 196.1194 
	194.1171; 196.1194 

	B3 
	B3 

	182.1170; 194.1168; 196.1226 
	182.1170; 194.1168; 196.1226 


	B4 
	B4 
	B4 

	194.1170; 196.1230 
	194.1170; 196.1230 

	B4 
	B4 

	194.1167; 196.1227 
	194.1167; 196.1227 


	B5 
	B5 
	B5 

	179.0911; 180.1035; 182.1188; 194.1192; 196.1218 
	179.0911; 180.1035; 182.1188; 194.1192; 196.1218 

	B5 
	B5 

	168.1018; 180.1018; 182.1181; 194.1177; 196.1209 
	168.1018; 180.1018; 182.1181; 194.1177; 196.1209 


	B6 
	B6 
	B6 

	194.1169; 196.1107 
	194.1169; 196.1107 

	B6 
	B6 

	180.1013; 182.1161; 194.1168; 196.1219 
	180.1013; 182.1161; 194.1168; 196.1219 


	C1 
	C1 
	C1 

	194.1170; 196.1233 
	194.1170; 196.1233 

	C1 
	C1 

	194.1171; 196.1230 
	194.1171; 196.1230 


	C2 
	C2 
	C2 

	168.1018; 182.1179; 194.1175; 196.0983 
	168.1018; 182.1179; 194.1175; 196.0983 

	C2 
	C2 

	168.1013; 194.1168; 196.1205 
	168.1013; 194.1168; 196.1205 


	C3 
	C3 
	C3 

	182.1188; 194.1170;196.1220 
	182.1188; 194.1170;196.1220 

	C3 
	C3 

	194.1169; 196.1225 
	194.1169; 196.1225 


	D1 
	D1 
	D1 

	166.1075; 196.1171; 196.1233 
	166.1075; 196.1171; 196.1233 

	D1 
	D1 

	180.1011; 194.1164; 196.1106 
	180.1011; 194.1164; 196.1106 


	D2 
	D2 
	D2 

	180.1015; 182.1172; 194.1170; 196.0987 
	180.1015; 182.1172; 194.1170; 196.0987 

	D2 
	D2 

	180.1011; 194.1160; 196.1209 
	180.1011; 194.1160; 196.1209 


	D3 
	D3 
	D3 

	180.1022; 182.1185; 194.1181; 196.1240 
	180.1022; 182.1185; 194.1181; 196.1240 

	D3 
	D3 

	180.0994; 194.1151; 196.1210 
	180.0994; 194.1151; 196.1210 


	D4 
	D4 
	D4 

	166.1065; 194.1170; 196.1234 
	166.1065; 194.1170; 196.1234 

	D4 
	D4 

	166.1064; 180.1007; 194.1165; 196.1224 
	166.1064; 180.1007; 194.1165; 196.1224 


	E1 
	E1 
	E1 

	194.1167; 196.1228 
	194.1167; 196.1228 

	E1 
	E1 

	194.1171; 196.1238 
	194.1171; 196.1238 


	E2 
	E2 
	E2 

	194.1167; 196.1228 
	194.1167; 196.1228 

	E2 
	E2 

	194.1168; 196.1227 
	194.1168; 196.1227 


	E3 
	E3 
	E3 

	194.1167; 196.1229 
	194.1167; 196.1229 

	E3 
	E3 

	194.1166; 196.1225 
	194.1166; 196.1225 


	F1 
	F1 
	F1 

	194.1169; 196.1229 
	194.1169; 196.1229 

	F1 
	F1 

	194.1182; 196.1241 
	194.1182; 196.1241 


	F2 
	F2 
	F2 

	194.1169; 196.1228 
	194.1169; 196.1228 

	F2 
	F2 

	194.1185; 196.1246 
	194.1185; 196.1246 


	F3 
	F3 
	F3 

	194.1170; 196.1233 
	194.1170; 196.1233 

	F3 
	F3 

	194.1181; 196.1243 
	194.1181; 196.1243 




	 
	c) FIA data for the screening BMO kit with METH; best condition is shown in red. 
	Solvent 1 
	Solvent 1 
	Solvent 1 
	Solvent 1 
	Solvent 1 

	Solvent 2 
	Solvent 2 



	Condition 
	Condition 
	Condition 
	Condition 

	Positive mode m/z 
	Positive mode m/z 

	Condition 
	Condition 

	Positive mode m/z 
	Positive mode m/z 


	A1 
	A1 
	A1 

	136.1119; 150.1277, 152.1346 
	136.1119; 150.1277, 152.1346 

	A1 
	A1 

	136.1125; 150.1277; 152. 1343; 166.1246 
	136.1125; 150.1277; 152. 1343; 166.1246 


	A2 
	A2 
	A2 

	136.1117; 150.1276; 152.1344 
	136.1117; 150.1276; 152.1344 

	A2 
	A2 

	136.1117; 150.1276; 152.1341; 166.1232 
	136.1117; 150.1276; 152.1341; 166.1232 


	A3 
	A3 
	A3 

	150.1278; 152.1343 
	150.1278; 152.1343 

	A3 
	A3 

	136.1129; 150.1276; 152.1344; 166.1236 
	136.1129; 150.1276; 152.1344; 166.1236 


	A4 
	A4 
	A4 

	136.1111; 150. 1277; 152.1349 
	136.1111; 150. 1277; 152.1349 

	A4 
	A4 

	136.1131; 150.1275; 152.1342 
	136.1131; 150.1275; 152.1342 


	A5 
	A5 
	A5 

	136.112828; 150.1278; 152.1347 
	136.112828; 150.1278; 152.1347 

	A5 
	A5 

	136.1132; 150.1275; 152.1343; 166.1233 
	136.1132; 150.1275; 152.1343; 166.1233 


	A6 
	A6 
	A6 

	150.1278; 152.1347 
	150.1278; 152.1347 

	A6 
	A6 

	136.1121; 150.1274; 152.1345; 166.1224 
	136.1121; 150.1274; 152.1345; 166.1224 


	B1 
	B1 
	B1 

	136.1113; 150.1278; 152.1344 
	136.1113; 150.1278; 152.1344 

	B1 
	B1 

	136.1118; 150.1276; 152.1344 
	136.1118; 150.1276; 152.1344 


	B2 
	B2 
	B2 

	150.1277; 152.1348; 166.1498 
	150.1277; 152.1348; 166.1498 

	B2 
	B2 

	136.1113; 150.1276; 152.1342; 166.1219 
	136.1113; 150.1276; 152.1342; 166.1219 


	B3 
	B3 
	B3 

	150.1280; 152.1348; 166.1460 
	150.1280; 152.1348; 166.1460 

	B3 
	B3 

	136.1115; 150.1276; 152.1343 
	136.1115; 150.1276; 152.1343 


	B4 
	B4 
	B4 

	136.1125; 150.1278; 152.1347 
	136.1125; 150.1278; 152.1347 

	B4 
	B4 

	136.1124; 150.1276; 152.1343 
	136.1124; 150.1276; 152.1343 


	B5 
	B5 
	B5 

	150.1278; 152.1344; 166.1503 
	150.1278; 152.1344; 166.1503 

	B5 
	B5 

	136.1119; 150.1275; 152.1342 
	136.1119; 150.1275; 152.1342 


	B6 
	B6 
	B6 

	166.1500; 150.1278; 152.1347 
	166.1500; 150.1278; 152.1347 

	B6 
	B6 

	136.1110; 150.1273; 152.1338 
	136.1110; 150.1273; 152.1338 


	C1 
	C1 
	C1 

	136.1106; 150.1279; 152.1346 
	136.1106; 150.1279; 152.1346 

	C1 
	C1 

	136.1117; 150.1276; 152.1344 
	136.1117; 150.1276; 152.1344 


	C2 
	C2 
	C2 

	136.1121; 150.1278; 152. 1344 
	136.1121; 150.1278; 152. 1344 

	C2 
	C2 

	136.1123; 150.1274; 152.1345 
	136.1123; 150.1274; 152.1345 


	C3 
	C3 
	C3 

	136.1138; 150.1278; 152.1346 
	136.1138; 150.1278; 152.1346 

	C3 
	C3 

	150. 1274; 152.1341 
	150. 1274; 152.1341 


	D1 
	D1 
	D1 

	136.1124; 150.1278; 152.1346; 166.1217 
	136.1124; 150.1278; 152.1346; 166.1217 

	D1 
	D1 

	136.1119; 150.1275; 152.1343 
	136.1119; 150.1275; 152.1343 


	D2 
	D2 
	D2 

	150.1278; 152.1344 
	150.1278; 152.1344 

	D2 
	D2 

	136.1120; 150.1275; 152.2478 
	136.1120; 150.1275; 152.2478 


	D3 
	D3 
	D3 

	150.1277; 152.1345; 166.1234 
	150.1277; 152.1345; 166.1234 

	D3 
	D3 

	136.1121; 150.1275; 152.1340 
	136.1121; 150.1275; 152.1340 


	D4 
	D4 
	D4 

	150.1278; 152.1347; 166.1240 
	150.1278; 152.1347; 166.1240 

	D4 
	D4 

	136.1111; 150.1276; 152.1345 
	136.1111; 150.1276; 152.1345 


	E1 
	E1 
	E1 

	136.1126; 150.1274; 152.1346 
	136.1126; 150.1274; 152.1346 

	E1 
	E1 

	136.1121; 150.1272; 152.1338; 168.0211 
	136.1121; 150.1272; 152.1338; 168.0211 


	E2 
	E2 
	E2 

	136.1116; 150.1275; 152.1340 
	136.1116; 150.1275; 152.1340 

	E2 
	E2 

	136.1121; 150.1273; 152.1338 
	136.1121; 150.1273; 152.1338 




	E3 
	E3 
	E3 
	E3 
	E3 

	136.1128; 150.1274; 152.1350 
	136.1128; 150.1274; 152.1350 

	E3 
	E3 

	136.1118; 150.1273; 152.1333; 168.0207 
	136.1118; 150.1273; 152.1333; 168.0207 


	F1 
	F1 
	F1 

	150.1275; 152.1338; 168.0197 
	150.1275; 152.1338; 168.0197 

	F1 
	F1 

	150.1274; 152.1338; 168.0202 
	150.1274; 152.1338; 168.0202 


	F2 
	F2 
	F2 

	150.1276; 168.0197 
	150.1276; 168.0197 

	F2 
	F2 

	150.1274; 152.1347; 168.0201 
	150.1274; 152.1347; 168.0201 


	F3 
	F3 
	F3 

	150.1274; 152. 1339; 168.0197 
	150.1274; 152. 1339; 168.0197 

	F3 
	F3 

	150.1277; 168.0196 
	150.1277; 168.0196 




	 
	  
	d) FIA data for the screening BMO kit with THC; best condition is shown in red. 
	Solvent 1 - METH 
	Solvent 1 - METH 
	Solvent 1 - METH 
	Solvent 1 - METH 
	Solvent 1 - METH 

	Solvent 2 - METH 
	Solvent 2 - METH 



	Condition 
	Condition 
	Condition 
	Condition 

	Positive mode m/z 
	Positive mode m/z 

	Condition 
	Condition 

	Positive mode m/z 
	Positive mode m/z 


	A1 
	A1 
	A1 

	- 
	- 

	A1 
	A1 

	313.2156; 329.2099 
	313.2156; 329.2099 


	A2 
	A2 
	A2 

	329.2117 
	329.2117 

	A2 
	A2 

	315.2314; 329.2126 
	315.2314; 329.2126 


	A3 
	A3 
	A3 

	329.2113 
	329.2113 

	A3 
	A3 

	313.2165; 315.2316; 329.2119 
	313.2165; 315.2316; 329.2119 


	A4 
	A4 
	A4 

	313.2150; 315.2310; 329.2111; 345.2044 
	313.2150; 315.2310; 329.2111; 345.2044 

	A4 
	A4 

	313.2140; 315.2290; 329.2095; 345.2052 
	313.2140; 315.2290; 329.2095; 345.2052 


	A5 
	A5 
	A5 

	329.2092; 345.2046 
	329.2092; 345.2046 

	A5 
	A5 

	329.2109 
	329.2109 


	A6 
	A6 
	A6 

	329.2111 
	329.2111 

	A6 
	A6 

	329.2129 
	329.2129 


	B1 
	B1 
	B1 

	313.2165 
	313.2165 

	B1 
	B1 

	313.2147; 315.2290; 329.2092; 345.2043 
	313.2147; 315.2290; 329.2092; 345.2043 


	B2 
	B2 
	B2 

	345.2037 
	345.2037 

	B2 
	B2 

	313.2167; 329.2116 
	313.2167; 329.2116 


	B3 
	B3 
	B3 

	329.2078 
	329.2078 

	B3 
	B3 

	313.2158; 329.2108 
	313.2158; 329.2108 


	B4 
	B4 
	B4 

	313.2167 
	313.2167 

	B4 
	B4 

	313.2170; 315.2328; 329.2122; 345.2053 
	313.2170; 315.2328; 329.2122; 345.2053 


	B5 
	B5 
	B5 

	329.2091 
	329.2091 

	B5 
	B5 

	345.2049 
	345.2049 


	B6 
	B6 
	B6 

	329.2085 
	329.2085 

	B6 
	B6 

	345.2038 
	345.2038 


	C1 
	C1 
	C1 

	313.2150; 315.2321; 329.2123; 345.2049 
	313.2150; 315.2321; 329.2123; 345.2049 

	C1 
	C1 

	313.2133; 315.2286; 329.2094 
	313.2133; 315.2286; 329.2094 


	C2 
	C2 
	C2 

	313.2171; 329.2123 
	313.2171; 329.2123 

	C2 
	C2 

	329.2091; 345.2046 
	329.2091; 345.2046 


	C3 
	C3 
	C3 

	313.2178; 329.2138 
	313.2178; 329.2138 

	C3 
	C3 

	329.2115; 345.2055 
	329.2115; 345.2055 


	D1 
	D1 
	D1 

	329.2108; 331.2247; 345.2059 
	329.2108; 331.2247; 345.2059 

	D1 
	D1 

	329.2092; 331.2237; 345.2036 
	329.2092; 331.2237; 345.2036 


	D2 
	D2 
	D2 

	329.2141 
	329.2141 

	D2 
	D2 

	329.2119; 331.2254; 345.2060 
	329.2119; 331.2254; 345.2060 


	D3 
	D3 
	D3 

	- 
	- 

	D3 
	D3 

	329.2111; 345.2057 
	329.2111; 345.2057 


	D4 
	D4 
	D4 

	313.2152; 329.2102; 331.2256; 345.2055 
	313.2152; 329.2102; 331.2256; 345.2055 

	D4 
	D4 

	313.2157; 329.2106; 331.2261; 345.2252 
	313.2157; 329.2106; 331.2261; 345.2252 


	E1 
	E1 
	E1 

	313.2185; 315.2362; 329.2155; 345.2127 
	313.2185; 315.2362; 329.2155; 345.2127 

	E1 
	E1 

	313.2125; 315.2295; 329.2077; 345.2028 
	313.2125; 315.2295; 329.2077; 345.2028 


	E2 
	E2 
	E2 

	313.2114 
	313.2114 

	E2 
	E2 

	313.2151; 315.2309; 329.2094 
	313.2151; 315.2309; 329.2094 


	E3 
	E3 
	E3 

	313.2137; 315.2292 
	313.2137; 315.2292 

	E3 
	E3 

	313.2144; 315.2312; 329.2095 
	313.2144; 315.2312; 329.2095 


	F1 
	F1 
	F1 

	315.2313; 329.2112 
	315.2313; 329.2112 

	F1 
	F1 

	315.2297; 329.2092; 345.2036 
	315.2297; 329.2092; 345.2036 


	F2 
	F2 
	F2 

	313.2141; 315.2317; 329.2110 
	313.2141; 315.2317; 329.2110 

	F2 
	F2 

	315.2296; 329.2102 
	315.2296; 329.2102 


	F3 
	F3 
	F3 

	315.2312; 329.2115 
	315.2312; 329.2115 

	F3 
	F3 

	315.2324; 329.2118; 345.2063 
	315.2324; 329.2118; 345.2063 




	 
	e) FIA data for the optimization BMO kit with APAP; best condition is shown in red. 
	Optimization kit 
	Optimization kit 
	Optimization kit 
	Optimization kit 
	Optimization kit 



	Condition 
	Condition 
	Condition 
	Condition 

	Positive mode m/z 
	Positive mode m/z 


	A1 
	A1 
	A1 

	110.0599; 150.0543; 301.1180 
	110.0599; 150.0543; 301.1180 


	A2 
	A2 
	A2 

	150.0549; 301.1181 
	150.0549; 301.1181 


	A3 
	A3 
	A3 

	150.0550; 301.1181 
	150.0550; 301.1181 


	A4 
	A4 
	A4 

	150.0553; 301.1177 
	150.0553; 301.1177 


	A5 
	A5 
	A5 

	110.0531; 150.0550; 301.1185 
	110.0531; 150.0550; 301.1185 


	A6 
	A6 
	A6 

	150.0553; 301.1173 
	150.0553; 301.1173 


	A7 
	A7 
	A7 

	150.0548; 301.1187 
	150.0548; 301.1187 


	A8 
	A8 
	A8 

	150.0551; 301.1174 
	150.0551; 301.1174 


	A9 
	A9 
	A9 

	150.0547; 301.1187 
	150.0547; 301.1187 


	A10 
	A10 
	A10 

	150.0547; 301.1182 
	150.0547; 301.1182 


	A11 
	A11 
	A11 

	150.0553; 301.1175 
	150.0553; 301.1175 


	A12 
	A12 
	A12 

	150.0550; 301.1184 
	150.0550; 301.1184 




	 
	f) FIA data for the optimization BMO kit with MDMA; best condition is shown in red. 
	Optimization kit 
	Optimization kit 
	Optimization kit 
	Optimization kit 
	Optimization kit 



	Condition 
	Condition 
	Condition 
	Condition 

	Positive mode m/z 
	Positive mode m/z 


	A1 
	A1 
	A1 

	181.0132; 194.1170; 196.1227 
	181.0132; 194.1170; 196.1227 


	A2 
	A2 
	A2 

	182.1168; 194.1190; 210.1125; 226.1090 
	182.1168; 194.1190; 210.1125; 226.1090 


	A3 
	A3 
	A3 

	179.0887; 182.1172; 194.1194; 210.1121; 226.1081 
	179.0887; 182.1172; 194.1194; 210.1121; 226.1081 


	A4 
	A4 
	A4 

	182.1171; 194.1192; 210.1115; 226.1072 
	182.1171; 194.1192; 210.1115; 226.1072 


	A5 
	A5 
	A5 

	168.1023; 182.1182; 194.1192; 210.1121; 226.1094 
	168.1023; 182.1182; 194.1192; 210.1121; 226.1094 


	A6 
	A6 
	A6 

	168.1017; 182.1175; 194.1193; 210.1118; 226.1079 
	168.1017; 182.1175; 194.1193; 210.1118; 226.1079 


	A7 
	A7 
	A7 

	168.1009; 182.1172; 194.1192; 210.1111; 226.1077 
	168.1009; 182.1172; 194.1192; 210.1111; 226.1077 


	A8 
	A8 
	A8 

	182.1184; 194.0965; 210.1124; 226.1084 
	182.1184; 194.0965; 210.1124; 226.1084 


	A9 
	A9 
	A9 

	182.1166; 194.1193; 210.1123; 226.1087 
	182.1166; 194.1193; 210.1123; 226.1087 


	A10 
	A10 
	A10 

	194.1191; 210.1135 
	194.1191; 210.1135 


	A11 
	A11 
	A11 

	194.1191 
	194.1191 


	A12 
	A12 
	A12 

	168.1028; 182.1181; 194.1195; 210.1123 
	168.1028; 182.1181; 194.1195; 210.1123 




	g) FIA data for the optimization BMO kit with METH; best condition is shown in red. 
	Optimization kit 
	Optimization kit 
	Optimization kit 
	Optimization kit 
	Optimization kit 



	Condition 
	Condition 
	Condition 
	Condition 

	Positive mode m/z 
	Positive mode m/z 


	A1 
	A1 
	A1 

	150.1284 
	150.1284 


	A2 
	A2 
	A2 

	150.1276; 166.1252 
	150.1276; 166.1252 


	A3 
	A3 
	A3 

	150.1278; 164.1072; 166.1222 
	150.1278; 164.1072; 166.1222 


	A4 
	A4 
	A4 

	150. 1277; 166.1220 
	150. 1277; 166.1220 


	A5 
	A5 
	A5 

	150.1278; 166.1230 
	150.1278; 166.1230 


	A6 
	A6 
	A6 

	150.1278; 166.1212 
	150.1278; 166.1212 


	A7 
	A7 
	A7 

	136.1105; 150.1278; 164.1065; 166.1220 
	136.1105; 150.1278; 164.1065; 166.1220 


	A8 
	A8 
	A8 

	150.1277; 166.1245 
	150.1277; 166.1245 


	A9 
	A9 
	A9 

	150.1280; 166.1232 
	150.1280; 166.1232 


	A10 
	A10 
	A10 

	136.1137; 150.1278; 164.1057; 166.1221 
	136.1137; 150.1278; 164.1057; 166.1221 


	A11 
	A11 
	A11 

	136.1118; 150.1278; 164.1064; 166.1219 
	136.1118; 150.1278; 164.1064; 166.1219 


	A12 
	A12 
	A12 

	150.1278; 166.1226 
	150.1278; 166.1226 




	 
	h) FIA data for the optimization BMO kit with THC; best condition is shown in red. 
	Optimization kit 
	Optimization kit 
	Optimization kit 
	Optimization kit 
	Optimization kit 



	Condition 
	Condition 
	Condition 
	Condition 

	Positive mode m/z 
	Positive mode m/z 


	A1 
	A1 
	A1 

	313.2175; 329.2109; 331.2261; 345.2067; 347.2213 
	313.2175; 329.2109; 331.2261; 345.2067; 347.2213 


	A2 
	A2 
	A2 

	313.2166; 329.2112; 331.2268; 345.2067; 347.2219 
	313.2166; 329.2112; 331.2268; 345.2067; 347.2219 


	A3 
	A3 
	A3 

	313.2160; 329.2107; 331.2267; 345.2062; 347.2209; 373.2377 
	313.2160; 329.2107; 331.2267; 345.2062; 347.2209; 373.2377 


	A4 
	A4 
	A4 

	313.2166; 329.2103; 331.2261; 345.2055; 347.2215; 373.2375 
	313.2166; 329.2103; 331.2261; 345.2055; 347.2215; 373.2375 


	A5 
	A5 
	A5 

	313.2168; 329.2109; 331.2260; 345.2064; 347.2211 
	313.2168; 329.2109; 331.2260; 345.2064; 347.2211 


	A6 
	A6 
	A6 

	313.2169; 329.2113; 331.2265; 345.2074; 347.2218 
	313.2169; 329.2113; 331.2265; 345.2074; 347.2218 


	A7 
	A7 
	A7 

	313.2173; 329.2104; 331.2283; 345.2062; 347.2214; 373.2357 
	313.2173; 329.2104; 331.2283; 345.2062; 347.2214; 373.2357 


	A8 
	A8 
	A8 

	313.2164; 329.2101; 331.2254; 345.2066; 347.2211; 373.2344 
	313.2164; 329.2101; 331.2254; 345.2066; 347.2211; 373.2344 


	A9 
	A9 
	A9 

	313.2167; 329.2100; 331.2265; 345.2065; 347.2211 
	313.2167; 329.2100; 331.2265; 345.2065; 347.2211 


	A10 
	A10 
	A10 

	313.2166; 329.2106; 331.2263; 345.2070; 347.2210; 373.2271 
	313.2166; 329.2106; 331.2263; 345.2070; 347.2210; 373.2271 


	A11 
	A11 
	A11 

	313.2158; 329.2114; 331.2270; 345.2061; 347.2211 
	313.2158; 329.2114; 331.2270; 345.2061; 347.2211 


	A12 
	A12 
	A12 

	313.2159; 329.2104; 345.2067; 347.2212 
	313.2159; 329.2104; 345.2067; 347.2212 




	Appendix 2. XIC data for the minor metabolites of MDMA, METH and THC generated with the three in vitro methods.  
	a) XIC spectra for HFA obtained with the three methods. 
	 
	Figure
	 
	 
	b) XIC spectra for HHA obtained with the HLM assay. 
	Figure
	 
	 
	 
	c) XIC spectra for the quinone derivative obtained with the EC assay. 
	 
	Figure
	 
	d) XIC spectra for HPA obtained with the synthetic metalloporphyrin catalysts. 
	 
	Figure
	 
	e) XIC spectra for N-OH-METH obtained with the HLM assay and EC assay. 
	 
	Figure
	 
	 
	 
	f) XIC spectra for N-OH-AMP obtained with the in vitro enzymatic assay. 
	  
	Figure
	 
	g) XIC spectra for the imine derivative obtained with the EC assay. 
	  
	Figure
	 
	h) XIC spectra for p-OH-METH obtained with the synthetic metalloporphyrin catalysts. 
	 
	Figure
	 
	 
	 
	 
	 
	i) XIC spectra for methylidene-THC obtained with the three methods. 
	 
	Figure
	 
	j) XIC spectra for 11-OH-THC obtained with the HLM assay and synthetic metalloporphyrin catalysts. 
	 
	Figure
	 
	 
	k) XIC spectra for dihydroxy-THC obtained with the synthetic metalloporphyrin catalysts and EC assay. 
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	Appendix 3: MS/MS data for the found GSH adducts with the CID shown at 10 eV (top), 20 eV (middle), and 40 eV (bottom) for each drug. 
	a) MS/MS data for the GSH adduct found with APAP. 
	 
	Figure
	 
	b) MS/MS data for the GSH adduct found with COC. 
	 
	Figure
	 
	 
	c) MS/MS data for the GSH adduct found with MDMA. 
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	Appendix 4: Summary of Optimizer experimental conditions found for the detected adducts with the EC assay. 
	Adduct 
	Adduct 
	Adduct 
	Adduct 
	Adduct 

	Precursor 
	Precursor 
	Ion 

	Product Ion 
	Product Ion 

	Fragmentor 
	Fragmentor 

	CE 
	CE 

	Abundance 
	Abundance 



	Peptide + APAP - H 
	Peptide + APAP - H 
	Peptide + APAP - H 
	Peptide + APAP - H 

	785.9 
	785.9 

	110.1 
	110.1 

	205 
	205 

	68 
	68 

	14161 
	14161 


	Peptide + APAP - H 
	Peptide + APAP - H 
	Peptide + APAP - H 

	785.9 
	785.9 

	807.4 
	807.4 

	205 
	205 

	68 
	68 

	7645 
	7645 


	Peptide + 1,4-Benzoquinone - H 
	Peptide + 1,4-Benzoquinone - H 
	Peptide + 1,4-Benzoquinone - H 

	764.3 
	764.3 

	120.1 
	120.1 

	192 
	192 

	60 
	60 

	771 
	771 


	Peptide + 1,4-Benzoquinone - H 
	Peptide + 1,4-Benzoquinone - H 
	Peptide + 1,4-Benzoquinone - H 

	764.3 
	764.3 

	789.4 
	789.4 

	192 
	192 

	60 
	60 

	72 
	72 


	Peptide + HHA + H + CH2 
	Peptide + HHA + H + CH2 
	Peptide + HHA + H + CH2 

	801.9 
	801.9 

	721.8 
	721.8 

	99 
	99 

	12 
	12 

	107 
	107 


	Peptide + HHA + H + CH2 
	Peptide + HHA + H + CH2 
	Peptide + HHA + H + CH2 

	801.9 
	801.9 

	330.0 
	330.0 

	99 
	99 

	8 
	8 

	69 
	69 


	Peptide + 11-CHO-THC - H + OH 
	Peptide + 11-CHO-THC - H + OH 
	Peptide + 11-CHO-THC - H + OH 

	588.6 
	588.6 

	573.3 
	573.3 

	129 
	129 

	8 
	8 

	247 
	247 


	Peptide + 11-CHO-THC - H + OH 
	Peptide + 11-CHO-THC - H + OH 
	Peptide + 11-CHO-THC - H + OH 

	588.6 
	588.6 

	866.4 
	866.4 

	129 
	129 

	12 
	12 

	53 
	53 
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